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PRELIMINARIES

Abbreviations

a.e. almost everywhere
h.o.t.  higher order term(s)
iff if and only if

Lh.s.  left hand side

r.h.s.  right hand side

s.t. such that

Number Fields

N ={1,2,3,...}: The set of natural numbers. If we wish to include 0 we write Ny.

z={...,-3,-2,-1,0,1,2,3,...}: The set of integer numbers.

Q={p/q|p,q€Z, q+#0}: The set of rational numbers.

e RR: The set of real numbers.

C = {a+bi | a,b € R}: The set of complex numbers: i> = —1.

K: Shorthand for either R or C, depending on context.

D = {a + be | a,b € K}: The set of dual numbers: €2 = 0.

H = {a+ bi+ cj + dk | a,b,c,d € R}: The set of quaternions: i? = j? = k? = ijk = —1.

Function Classes

We abbreviate = (z1,...,2,) € R" and [, f(z)dz = [, f(x1,...,2,)d2y ... dz, for @ C R™. The
essential supremum ess sup,.cq, f(z) of a R-valued function f is the smallest A/ > 0 s.t. f(z) < M a.e. The
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essential infimum ess inf,cq f(2) of a R-valued function f is the largest m > 0 s.t. f(z) > m a.e. Unless
explicitly stated otherwise, or if the context implies otherwise, functions are assumed to be K-valued.

e C(Q): The set of continuous functions with domain 2.

e C*(Q), k € Np: The set of k-fold continuously differentiable functions on €2, with C°(Q) = C(Q).

o (C°(): The set of smooth, i.e. infinitely differentiable functions with domain €.

e C“(Q): The set of analytical functions with domain €.

e LP(2), p > 1: The set of functions for which [, | f(z)|? dz exists. Notation: || f||, = ([, [f(z)[? d:c)l/p.
o L>(Q): The set of functions f for which ess sup,cq, | f(2)| exists. Notation: || f||cc = esssup,eq |f(2)].
o 7 (R™): The set of smooth functions of rapid decay on R™.

o /(R™): The topological dual of . (R™), a.k.a. the set of tempered distributions on R".

o 2(0): The set of smooth bump functions with compact support in 2 C R™.

e 7'(Q): The topological dual of 2(f2), a.k.a. the set of distributions on 2 C R™.

Standard Functions

Some frequently used standard C'*(IR)-functions:

) et _ gl el + e~ ) et — e e +e®
sing = ——-——, cosr=—"(p—), sinht = ————, coshz = ——— (x € R).
1

Useful Inequalities

Holder Inequality. Let 1 <p,g<oo such that 1/p+1/q=1, f€ LP(Q2) , g€ L1(Q), then || fgll1 < ||f]l» |94
The Holder Inequality for the special case p = ¢ = 2 is known as the Schwartz Inequality.
Young Inequality. Let 1 <p, q,r <oco with 1/p+1/q=1+1/r, f € LP(Q), p € L1(Q), then || f*d] < || flpll®llq-

See e.g. Wheeden and Zygmund [31] for proofs.

Common Coordinate Reparametrisations

Polar coordinates for (z,y) € R?, with (r,¢) € R x [0,27):

{x(r,¢) = rcos¢,
y(r,¢) = rsing.
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Jacobian determinant:
o(x,y)

T gy~

Cylindrical coordinates for (z,y, 2) € R3, with (r, ¢, () € RT x [0,27) x R:

2(r,9,0) = ¢.

Jacobian determinant:
z,y,z)
det —————= =r.
a(r, ¢,¢)

Spherical coordinates (ISO convention) for (z,y, z) € R3, with (1,0, ¢) € RT x [0, 7] x [0, 27):

x(r,$,0) = rsinfcosg,
y(r,¢,0) = rsinfsing,
z(ry¢,0) = rcos.
Jacobian determinant:
( Y, 2
det =r“sind.
(r,0,0)
In general, if
1 = ax(ah,...,2h),
Tn = xp(al,...,2),

Preliminaries

is a coordinate transformation (aka substitution of variables), then its Jacobian determinant is defined as

6%1 8%1

ozt T 0oxl

0 . n "

det 82'1’ — ; =det | : :
1 »¥n amn 8$n
ozt T 0xl
. . . O(x1y...,xy)
The following observation may sometimes be helpful: det ﬁ =1/det
HAA

oz, ...
8(331,... '

Dirac function (minuscule/majuscule letters refer to free, respectively fixed point coordinates, 1.h.s. and r.h.s.

correspond to Cartesian, respectively polar/cylindrical/spherical representations):

5(r — R)8(¢ — @)

r

5z —X)d(y—Y) =

)

dx—X)o(y—Y)o(2—Z2) =

6(r — R)6(¢ — ®)6(¢ — Z)

r

0z —X)o(y—=Y)o(z— 2)

)

d(r—R)d(¢p — @)o(0 — ©)

r2sin 0

In the above cases, (X,Y) € R?, respectively (X, Y, Z) € R3, do not coincide with the coordinate origin.

3
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Unit Balls and Spheres

Let B" = {z € R"|||z|| <1} be the unit ball in R", and S** = IB" = {x € R" | ||z||=1} the corresponding
unit n-sphere, then the volume, respectively surface area of B" and S™! are given by

\/;rn

vol, B" =

N5 +1)’
2/7"
vol,_1 S*~! )
I'(3)
Recursions:
1, S™ .
vol,; B = b with voly S? = 2,
n+1
vol,;; S = 2mvol, B" with voly BY = 1.
Trigonometric Identities
cosa +sina = 1
tana = % jfa =+ T (mod )
cos o 2
cos(¢ £ ) = cosacosf Fsinasinf
sin(a = 8) = sinacosf + cosasing
e* = cos¢+ising

Mappings

e A:V — W :v+— w = A(v): Generic notation for a mapping (operator, function, etc., cf. figure):

A: The label referring to the mapping.

V': The input space or domain of the mapping A.

v € V: Fiducial argument (input element).

W: The output space or codomain of the mapping A.

w = A(v) € W: The image of v under the mapping A.
A(V)={w e W | w = A(v) for some v € V} C W: The range of the mapping A.

If W = A(V) then A is called surjective or onto.

If A(v1)=A(ve) implies v; =vy (A preserves ‘distinctness’) then A is called injective or one-to-one.

If A is both injective and surjective it is called bijective.

o Z(V,W) e {A:V — W | Ais linear}: The collection of all linear operators V. — W.

4



Preliminaries Preliminaries

veV

A =A(V)eW

Sketch of the prototype A : V. — W : v — w = A(v) € W as a ‘blackbox’ system. Its inner workings are
revealed through explicit specification of A(v) € W as a function of v € V.

Combinatorics

Factorials: n! %< n (n—1) ... 1. By definition 0! L.

|
Binomial coefficients: (Z) o m

Newton’s binomium: (a +b)" = Z (Z)ak bk,
k=0

!
Multinomial coefficients: " def W g k1 4+ ...+ k¢ = n, otherwise 0.
ki... ke kil .. kgl

n n
o n
Newton’s multinomium: (a; + ...+ ap)" = E g (k i >a’f1 gt
1...Ke
k1=0 ke=0

Multi-Indices

An n-dimensional multi-index « is an n-tuple of integers (o, ..., a,). Its order or norm is defined as |a| =
a1 + ...+ . Other multi-index conventions are as follows. If &« = (a1,...,a,) and 8 = (B1,...,3,) are
multi-indices of dimension n, x = (x1,...,x,) is a real-valued coordinate n-tuple, and f is a function, then

def
Oé—i—ﬁ = (041 +Bla"'aan+/8n)'

dof aal—i-...—i-anf

e Vof = ————.
o Ox{t...0xp"
def
o x¥ = .. xpn.
'def | |
o al = aq!...apl.

(5)=11(%)

Zdﬁfz...z,etc.
« (e}

Qn
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Example. A multivariate analytical function f € C¥(Q), Q@ C R™, has a local Taylor expansion at a fiducial
pointa = (a1,...,a,) € Q. Ifx = (x1,...,2,) € Q, we have in multi-index notation

=3 L Va (@) (@~ a)°

The sum runs over all multi-indices & = (a1, . . ., ;) With nonnegative integer entries.

Tensor Indices

A tensor index 7 in n dimensions is an integer in the range ¢ € {1,...,n}. The Einstein summation convention
applies to pairs of equal indices, one of which must be an upper index, the other a lower index. If Q) is a mixed
tensor with components )%, 1 < i, j < n, then

n
; def i
Q= ) Qi
=1

Example. A multivariate analytical function f € C*¥(£2), Q C R™, has a local Taylor expansion at a fiducial

pointa = (as,...,a,) € Q. Ifx = (x1,...,2,) € Q, we have in tensor-index notation
i i =1 i ;
Zk|z Zax xzk(az—a)l Az —a)* o Z;? a)(x —a)t...(x —a)*.
11=1 =1 o k=0

The Einstein summation convention has been used on the r.h.s. to suppress the k inner ) _-symbols, together with
a self-explanatory shorthand for the partial derivative coefficients (note the intentional use of lower indices). Cf.
this expression with its multi-index counterpart in the example on page 6.

Condensed Indices

Condensed indices, introduced in the context of quantum field theory [4], are particularly convenient (though not
widely known) in image analysis. A condensed index captures both discrete as well as continuous degrees of
freedom. Thus for example ¢, using a condensed index i = (x;m) with x € R™ and m € ZF, corresponds to a
k-tuple of functions 2 — ¢,,(x) on an n-dimensional continuum.

Condensed indices may simplify notation without loss of generality. The summation convention for a condensed
index entails a summation over its discrete part as well as an integration over its continuous part. Furthermore,
functions of ¢ correspond to functionals of ¢,, (), partial derivatives with respect to ¢ to functional derivatives
with respect to ¢,, (), et cetera.

Condensed index convention: Let i = (x;m) and j = (y;p) denote condensed indices, each comprising a

continuous label ,y € R™ as well as a discrete label m, p € Z, then the following conventions apply:

. def def def ) et O def O i def

P wm), 6 ol [ s T8, 8 5 a(y).
Z m%k ¢ 5¢m(1‘)

Example. Identify i = y € R, a = (z;m) € R x ZJ, ¢' = ¢(y) € V, Rai = ;Z,L(S(x —y) € L(V,W).
Here, the indices ¢ and « refer to field components with respect to function spaces V' and W, respectively, and

6
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Z(V, W) denotes the vector space of linear transformations V' — W. Then the linear mapping
F, (¢) = Ra; QSZ

corresponds to the m-th order derivative

Fn(2)]0] = /R dﬁ:ﬁ(:ﬂ —y)dy)dy = defnx) :

Preliminaries

Caveat. The matrix-like condensed index notation for a linear mapping might suggest that linear mappings are

always continuous. The example illustrates that this is not the case!

Sets

e z € A means that x is an element of the set A. If x is not an element of A we write x ¢ A.

xr € ANBiffx € Aand x € B (cf. figure).

x € AUBIiffx € Aorx € B (cf. figure).

o X C Aiffz € X implies z € A. X is called a subser of A. Example: (AN B) C A.

Y D Aiff A CY.Y iscalled a superset of A. Example: (AU B) D A.

Suppose X C A, then we write x € A\X iffx € Aandz ¢ X.

The characteristic function or indicator function on A, x 4, is the function defined by

1 ifzeA,
XA<x>={

0 otherwise.

x € A X B means that z is of the form 2 = (a,b), witha € A and b € B.

AF is shorthand for A x ... x A (k-fold product, & € N). By definition A° = ().

AUB
Venn diagram illustrating A, B, AN B, and AU B.

() denotes the empty set with no elements. For any set A, ) C A . Note that ) C A\(, since A\ = A.
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Induction Principle

A conjecture Vn € N:%€(n) = 0 is logically valid if

e ¢ (1) = 0 (induction step), and if

o the induction hypothesis €' (n) 20 for any fixed n € N implies ¢ (n+1) = 0.

& 1
Example. Prove the following conjecture: Vn € Ny : Z k= in(n—k 1).

k=0
e, L
Proof. Define €' (n) def Z k— in(n—i— 1), then
k=0
e ¢(0) = 01is obvious, and
def 2 g " 1 - 1 def ih
e C(n+l) = I;Jk— §(n+1)(n+2) = kZ::OIH—(TH—l) — §(n+1)(n+2) = kzz;)k— §n(n+1) = € (n) =0.

QED.



SIGNALS AND
IMAGES: BASICS

1.1. Operational Representations

A (real-valued) n-dimensional digital image is a mapping
F:Q—R: (i1, 0n) = flir,. . in), (1.1)

in which @ C Z" is a finite grid, usually a regular mesh. The (n+ 1)-tuple (i1,...,%n, f(i1,...,1n)) is
called a pixel (a shorthand for ‘picture element’), with pixel coordinates (i1, ... ,i,) and associated pixel value
f(i1,...,in). Usually—but not always—n € {1,2, 3,4}, the dimension of the image domain {2, typically a
subset of space, time, or spacetime. The notation of Eq. (1.1) can be simplified with the help of the multi-index
notation, recall page 5:

f:Q—R:a fla), (1.2)

with the identification o = (41, ..., %p).
A continuum model is often preferred for theoretical convenience:
f:Q—R:(z'...,2") — f(z!,...,2"), (1.3)

in which now 2 C R” represents a continuum, usually a rectangular block. This is particularly useful for images
consisting of many pixels (the typical case). In that case the overall percept of the image is of a continuous rather
than discrete nature, so that a continuum representation is appropriate. Often we condense the notation by writing

f:Q—R:z— f(x), (1.4)

9



1.1. OPERATIONAL REPRESENTATIONS 1. SIGNALS AND IMAGES: BASICS

in which z = (x1,...,2,) is a multivariate variable. Unless stated otherwise we shall assume that the image
co-domain is (a subset of) R (for real-valued images) or C (for complex-valued images).

If the quantization depth, i.e. the number of bits allocated for the storage of a single pixel value, is sufficiently
large, it is natural and common to model the image codomain as an interval of R (or a compact subset of C) instead
of a discrete set. In reality the interplay between discretization (i.e. sampling on a discrete grid) and quantization
depth determines the ‘visual quality’ of an image, and thus the appropriateness of a continuum representation, cf.
Fig. 1.1 for an example of a black-and-white rendering simulating a grey-tone image through so-called dithering
(slick use of only black and white picture elements of spatially varying densities). No need to buy fifty shades of
grey ink for your printer!

Figure 1.1: Left: Visual illusion of a grey-tone gradient via dithering. Right: Dithering of Lena Stderberg (shot by
photographer Dwight Hooker and cropped from the centerfold of a Playboy magazine). This standard test image,
known as ‘Lena’ or ‘Lenna’, is frequently used by the image processing community, cf. www.lenna.org.

Fig. 1.2 shows a 2-dimensional image consisting of 64 x 64 pixels, which in turn represents a (downsampled)
slice obtained from a real 3-dimensional MR brain image. Pixel values have been displayed as grey-tones, with
white and black corresponding to the global maximum, respectively minimum pixel value. The digital format of
this image may look like this:

fo= {{2,4,2,2,3,2,2,2,3,4,4,3,3,4,4,3,8,19, 38, 62, 85,123,139, 155, 168, 167, 174, 170, 183, 165, 179, 178,
168,146,100, 69,31,11,8,7,6,4,5,7,7,4,4,4,2,4,0,1,3,6,3,5,4,2,3,4,1,4,3, 3},

{4,4,8,8,8,4,5,14,12, 61,102, 170, 121, 99, 74, 98, 66, 58, 97, 91, 80, 34, 32, 34, 29, 21, 50, 66, 86, 55, 46, 102,
68, 66, 65,95, 113, 68, 65, 129, 181, 186, 182, 177, 120, 65, 33, 18, 15, 16,21, 14,5,6,8,11,4,5,5,6,4,5, 3,3} }

The ellipsis indicates 62 in-between scanlines that have been suppressed.

Figure 1.2: Plot of the image f in the previous example.

10



1. SIGNALS AND IMAGES: BASICS 1.1. OPERATIONAL REPRESENTATIONS

The effect of discretization on visual appearance can be seen in Figure 1.3. Two degrading factors come into play
when the number of grid points (relative to the field of view) becomes too small:

1. A block artifact revealing the nature of the underlying grid.

2. A blur artifact due to insufficient resolution.

The effect of quantization is shown in Figure 1.4. Again, two degrading effects are discernable when quantization
becomes too coarse:

1. ‘False contouring’ revealing the loci of grey-value quantum jumps.

2. Piecewise constant regions revealing the number of bit planes.

Figure 1.3: From left to right: MR image displayed at a spatial resolution of 8 x 8, 16 x 16, 32 x 32, 64 x 64,
128 x 128, 256 x 256 pixels. In all cases the quantization depth is 1 byte per pixel. As the grid is refined the
representation becomes virtually indistinguishable from a continuous one.

Figure 1.4: From left to right: MR image displayed with quantization depths 1, 2, 3, 4, 5, and 6 bits per pixel. In
all cases the discretization grid is 256 x 256. The ‘false contouring’ phenomenon on the left is due to insufficient
quantization depth. At a quantization depth of 6 bits per pixel this phenomenon is virtually absent.

A 1-dimensional image is normally called a signal. Here is a discrete signal of length N = 33:

s = {0,0,0,2,12,51,193,632,1831,4677,10539,20961,36787,56978,77880,93941,
100000,93941,77880,56978,36787,20961,10539,4677,1831,632,193,51,12,2,0,0,0} .

A signal can be inspected by displaying its (interpolated) graph: Fig. 1.5. Graphical interpolation again expresses
our natural inclination to conceive of a signal as a smoothly varying entity defined on a continuum (typically
1-dimensional space or time), which is legitimate in the case of signals consisting of many discrete samples of
sufficient quantization depth.

11
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100000 I ] 100000
80000 . 80000
60000 . s ] 60000

n S
40000 ry r 40000
20000 . . 20000
[ [ ]
0 PYYYYYYYL) pLTTYYYYYYS 0

5 10 15 20 25 30
i

Figure 1.5: Graph of the signal s in the example, without respectively with interpolation.

The display of three-dimensional images (‘volume visualization’) is nontrivial, cf. Fig. 1.6. Sophisticated algo-
rithms have been developed that exploit various perceptual depth cues, such as shading, motion, and stereo, to
create a 3D illusion on a flat screen (sometimes referred to as ‘Q%D’ visualization).

Figure 1.6: Three-dimensional CT (Computed Tomography) image data. Upper two rows: Conventional display
slice-wise (‘stack of two-dimensional images’). Bottom row: Sophisticated volume visualization emphasizing
bone, muscle, respectively skin tissue. This mode of visualization requires prior segmentation (partitioning of the
image into meaningful segments) and classification (labelling) of relevant image structures.

Throughout these course notes we will assume that quality factors are such that a continuum representation is
appropriate. For this reason we will de-emphasize discretization and quantization aspects after Sections 1.2
and 1.3. Moreover, we will concentrate on general mathematical techniques that are in common use in image

processing and analysis.

12
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1. SIGNALS AND IMAGES: BASICS 1.2. FROM CONTINUOUS TO DISCRETE
1.2. From Continuous to Discrete

The procedure of discretizing a function specified on a continuous domain is called sampling. The simplest way
is to evaluate function values at predefined grid points, a method known as point evaluation.

A second discretization method relies on local averaging. To this end we average the function over the interior of
a grid cell corresponding to a fiducial grid point. Local averaging relies on integration. (Note that dithering could
be seen as a kind of ‘un-averaging’, as it aims to find spatial configurations of black dots with a priori given local
pixel averages, the desired grey-tones.) In Chapter 3 we will discuss integration in more detail.

1.3. From Discrete to Continuous

The reverse procedure, defining a continuum representation given a discrete one, is called interpolation. A
reasonable way to achieve this is to define the value of the interpolated image at an arbitrary sub-pixel location (the
base point of interest) as some weighted average of neighbouring pixel values. There exist different interpolation
schemes and schemes involving different neighbourhoods and weighing factors.

A simple and popular method is multilinear interpolation. To understand how this works we consider bilinear
interpolation, i.e. multilinear interpolation for the case n = 2, cf. Figure 1.7.

(Xy)

Figure 1.7: Left: The point with integer coordinates (i, j) is a grid point at which the image value fy(4,7) is
known. The point with real-valued coordinates (x,y) = (i + a,j + b), with 0 < a,b < 1, is an arbitrary point
somewhere ‘in-between’ pixels, to which we would like to assign an interpolated value f.(z,y). Right: The
coloured regions determine the weights by which the indicated pixels (red dots in the corners) contribute to the
value of the interpolated point (black dot at the crossing of the dashed lines).

Suppose we wish to evaluate the image value at sub-pixel location (z,y) = (i+a, j +b), in which (i, j) € Z? are
the integer coordinates of some grid point, and 0 < a, b < 1. The interpolated value at this sub-pixel location will
be based on those defined at the four nearby grid points (¢, j), (i, + 1), (i + 1,7),and (¢ + 1,j + 1), the corner
points of the rectangular cell in the interior of which the point (z,y) lies. Let f.(z,y) denote the interpolated
function evaluated at (x, y), and f;4(4, j) the discrete image value at the grid point (¢, j), then we seek to determine
the coefficients of a linear combination of the form

Felw,y) = o fali,5) + B Fali+ 1)+ falisj + 1)+ 6 fali+ 1,5+ 1) witha+8+7+5=1.
The latter condition guarantees that the interpolated value is a weighted average of the pixel values involved.

13



1.4. HISTOGRAMS AND HISTOGRAM TRANSFORMATIONS 1. SIGNALS AND IMAGES: BASICS

Definition 1.3.1. Let f, : Z?> — K be a discrete, 2-dimensional image. Then its bilinear interpolation is defined
as the function f. : R> — K by the following recipe. Let (x,y) = (i + a, j + b) be an arbitrary point in the cell
[i,a+ 1] x [4,5+ 1], and 0 < a,b < 1, then

felw,y) = (1 —a)(1 =b) fa(i,j) + a(l = b) fa(i+ 1,7) + (1 = a)b fa(i,j + 1) +ab fa(i + 1,5+ 1).

Note that we have included the limiting cases with a and/or b either O or 1, and that the coefficients add up to 1.
The defining rule that produces the coefficients in this scheme is as follows (cf. the right figure in Fig. 1.7):

e Partition the grid cell comprising the base point of interest into four (2" in case of multilinear interpolation)
rectangles (respectively n-dimensional blocks) by drawing horizontal and vertical lines (respectively n
hyperplanes orthogonal to the n coordinate axes) through that base point.

e The weight by which each corner pixel value in this scheme contributes to the requested sub-pixel average
corresponds to the relative area (n-dimensional volume) of the subdividing rectangle (block) diagonally
opposite to that pixel’s grid point.

It should now be obvious how to modify the recipe of Definition 1.3.1 to the cases of linear interpolation of a
discrete signal and trilinear interpolation for establishing a sub-pixel value in a three-dimensional image.

1.4. Histograms and Histogram Transformations

A phenomenological fact of human vision is its limited capability to segregate grey-tones. Fig. 1.4 illustrates
that a quantization depth of more than 6 bits per pixel is hardly noticeable. However, many medical imaging
modalities produce images with a much higher quantization depth, e.g. 12 bits per pixel is typical for Computed
Tomography (CT). There is no way to visually appreciate the rich structure hidden in such an image without
interactively manipulating image grey-values (contrast enhancement).

An important concept in this context is that of a grey-value histogram. This is a density function that expresses

the relative occupancy of grey-values in an image. In the continuous case',

h(u) du 4! relative volume of the image domain with grey-levels in the range [u, u + du). (1.5)

Alternatively we can state the definition as follows.
Definition 1.4.1. Let u : R® — R : & — u(x) be a real-valued image, then its histogram density function
hy : R — R{ @ s+ h(s) is defined such that

U2
def . . L
/ hy(s)ds = relative volume of the image domain with grey-values u, < s < us.
ul

With this definition the histogram density function is normalized such that

Ut
/ hy(s)ds =1, (1.6)

if u_ and w4 is the smallest, respectively largest grey-value present in the image. Figure 1.8 shows the (discrete)
histograms of the images of Figure 1.4.

'In the discrete case the histogram displays the relative number of pixels in grey-value bins [u, u + Au), after one has agreed on the bin-
width Aw. In practice one often considers Z-valued images, taking Au = 1. Thus e.g. h(56) then counts the number of pixels with value
56, divided by the total number of pixels. Since the total number of pixels is a constant one often refrains from normalizing the histogram.
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1. SIGNALS AND IMAGES: BASICS 1.4. HISTOGRAMS AND HISTOGRAM TRANSFORMATIONS

relative frequency
relative frequency
relative frequency
relative frequency
relative frequency
relative frequency

grey-value grey-value grey-value grey-value grey-value grey-value

Figure 1.8: Histograms of the images of Figure 1.4. The grey-value interval (horizontal axis) is the same for all
graphs. Units on the vertical axes are such that the total area of the bars is unity in each case.

A transformation of type T : R — R : w — v = T'(u) can be applied pointwise to a real-valued image. That
is, if u : R® — R is an n-dimensional image, we may transform its grey-values by setting v(z) = T (u(z)) for
each x € R", in other words, v = T o u, which obviously affects the histogram of the image. For this reason T’
is called a histogram transformation. If, in addition, T € C 1 (R) and

T'(s) #0 foralls € R, (1.7)

then the transformation is one-to-one (i.e. it preserves ‘distinctness’, recall page 4) and essentially no information
is lost. Knowing the transformed image v and the grey-value transformation 7', the original image u can be
recovered, viz. u(x) = T™ (v(z)) for all z € R", i.e. u = T'™ o v. The condition of Eq. (1.7) is needed for the
inverse transformation to exist on the range of T'. In fact, T must be either monotonically increasing (T”(s) > 0)
or decreasing (7”(s) < 0). The latter has the effect that light and dark are interchanged.

It may happen that an image appears too dark or too bright when rendered on a screen (or printer) without
modification of grey-values. In that case one would like to brighten or darken grey-levels in a certain range of
interest so as to improve contrast. For instance, if we want to enhance contrast near the middle of the image’s
grey-value range, we could use histogram transformations such as those in Figure 1.9. The effect is illustrated in
Figure 1.10, where these transformations are applied to an MRI slice. The price for contrast enhancement in this
example is that contrast in very dark and very bright regions is suppressed. In the extreme case contrast stretching
becomes thresholding, cf. the rightmost graph in Figure 1.9 and the binary result on the right in Fig. 1.10. Note
that in this limit information will be lost, since it violates Eq. (1.7).

/4

bright
bright
bright

dark
dark
dark

/
—

dark bright dark bright dark bright

Figure 1.9: Histogram stretching from moderate (left) to extreme (right).

Figure 1.10: Original MRI image (left) and the effect of applying the contrast stretching transformations depicted
in Figure 1.9. The price for contrast enhancement in a certain range is contrast loss elsewhere.
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1.4. HISTOGRAMS AND HISTOGRAM TRANSFORMATIONS 1. SIGNALS AND IMAGES: BASICS

Image enhancement refers to any type of manipulation that enhances some (codomain) feature of interest, such
as grey-level contrast. Other basic grey-level transformations frequently used for image enhancement include
logarithmic, exponential, and power-law transformation. Some manipulations affect image values ‘indirectly’ by
acting within the image domain (such as rotations, translations, scalings, or warpings).

In order to process or analyze images one must first of all furnish suitably chosen classes with appropriate internal
structure so as to enable the kind of operations one wishes to perform on these images. Moreover, any definition
one comes up with needs to be formulated in terms of operational concepts (precise ‘recipes’ or algorithms). This
poses rather strong ‘admissibility’ constraints on mathematical concepts. Many well-established and cherished
‘classical’ results fail the test! For instance, if we want to apply derivative operators to analyze the local structure
of an image (the first thing a mathematically inclined image engineer should think of), we will have to rethink the
entire machinery of infinitesimal calculus bottom-up, since, from an operational point of view, it is founded on
‘infinitesimal nonsense’ without operational significance. The pivotal lgr(l) > operation is a physically void mental
construct.

In the next chapter we review some classical mathematical concepts every image scientist should be familiar with,

de-emphasizing operational details. The latter will be addressed in subsequent chapters, notably differentiation
and integration in Chapter 3 and Fourier transformation in Chapter 4.

16



BASIC
MATHEMATICAL
CONCEPTS

2.1. Groups and Semigroups

Image transformations can be characterized as either reversible (‘information preserving’) or irreversible (‘lossy’).
For instance, an image rotation can be ‘undone’ by another (viz. inverse) rotation, but the effect of blurring or
downsampling cannot. This leads us to consider the mathematical concepts of a group and of a semigroup.
The former captures the notion of reversibility and some other natural requirements. The latter formalizes an
important class of irreversible operations.

Definition 2.1.1. A group is a collection G together with an internal operation

0:GxG— G:(x,y)—xoy, suchthat

e the operation is associative, i.e. (xoy)oz =x0 (yoz) forall z,y,z € G,

o there exists an identity element e € G such that x oe = eox = x forall x € G, and

e for each x € G there exists an inverse element ™ such that t™ ox =z oz™ =e.

17



2.1. GROUPS AND SEMIGROUPS 2. BASIC MATHEMATICAL CONCEPTS

The above definition implies several properties not listed explicitly as an axiom, e.g.

the identity element e € G is unique,

the inverse element ™ for any given z € G is unique,

o (z™)"W =g forallz € G.

(Prove these, using only axioms from Definition 2.1.1.)

Definition 2.1.2. A semigroup is a collection G together with an internal operation
0:GXG—G:(z,y)—>zoy,

such that

e the operation is associative, i.e. (xoy)oz=2x o0 (yo z) forall x,y,z € G,
e there exists an identity element ¢ € G suchthatxtoe =cox = x forall x € G.

Definition 2.1.3. Recall Definitions 2.1.1-2.1.2. 1If; in addition, x oy = y o x for all x,y € G, then we call the
(semi)group commutative, or abelian.

If you want to verify whether a set G constitutes a (semi)group relative to some stipulated infix operator o, the
first thing to prove is the closure property, i.e. the property that taking x,y € G arbitrarily implies x o y € G.
(This property is implicit in the notation ‘G x G — G’.)

2.1.1. Examples and Counterexamples of Groups

Conjecture 2.1.1. Continuously differentiable bijective histogram transformations on ) C R constitute a group

G={TeC Q) |T'(s)#0foralls € Qand T(Q) = Q} .

If the group elements are functions it will be tacitly assumed, unless stated otherwise, that the group operator o
refers to function composition, i.e.if S, T € C*(Q), then S o T € C*(Q) is the function given by

(SoT)(s) Y S(T(s)) foralls e Q. @.1)

The proof of Conjecture 2.1.1 is as follows.

e Closure: If S,T € G, then SoT € C*(£2). More specifically, we have the chain rule: (S o T)'(s) =
S'(T(s))T'(s) #0,and (SoT)(2) = S(T(N2)) = S(N2) =N, whence So T € G.

e Associativity: Let S, T,U € G, then ((SoT)oU)(s) = (SoT)(U(s)) = S(T(U(s))) = S(ToU)(s)) =
(So(TolU))(s)forall s € 2, whence (SoT)oU =So(Tol).

e Identity element: Let £ : Q — Q : s — E(s) = s, then clearly E € C1(Q2) and E'(s) = 1 # 0, so that
E € G.Forany T € Gwehave (T'o E)(s) =T(E(s)) =T(s) = E(T(s)) = (EoT)(s) forall s € £,
sothat T o E = E oT = T. Thus the identity function E € G is the identity element.
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2. BASIC MATHEMATICAL CONCEPTS 2.1. GROUPS AND SEMIGROUPS

e Inverse element: Let 7' € G, then it has been argued that 7" has an inverse '™ € C*(2). Graphically you
can construct the graph of this inverse function by mirroring the graph of 7" with respect to the graph of the
identity element E. From this construction it is also obvious that

_ dT<s)>—1 0
t=T(s) ( ds 70,

so that in fact 7" € G. Alternatively: 1 = B/ = (T"™ o T)' = (T"™' o T)T’, whence T™ o T = 1/T"
is nonzero. Likewise, 1 = B/ = (T o T™)" = (T" o T™)T™, whence T"™' = 1/(T" o T'™) is nonzero.
Finally, from T(Q) = Q it is immediately obvious that 7" (2) = Q.

dT™ (1)
dt

Remark. Notice that for associativity we did not need any specific properties of the function space, other than the
requirement that domain and range of the functions be compatible, so as to admit arbitrary compositions.

Definition 2.1.4. A subgroup F' C G of a group G is a subset of G which is itself a group.

The subgroup F inherits its group operation from the group G. The following theorem is known as the subgroup
theorem.

Theorem 2.1.1. Let G be a group and F C G. Iffor all f1, fo € F we have f1 o fy € F and fi™ € F, then F
is itself a group, in other words, a subgroup of G.

Conjecture 2.1.2. The set of histogram transformations G = {T € C*(Q) | T'(s) > 0 for all s € Q and T ()
constitutes a group. Thus GT C G is a subgroup of the group defined in Conjecture 2.1.1.

Proof. Either reconsider the steps of the previous proof for G in the context of G by replacing the requirement
T'(s) # 0 by T'(s) > 0, or apply the subgroup theorem, Theorem 2.1.1. What happens if we define the set G~
by replacing the condition 7”(s) > 0 in the definition of G by T7(s) < 0? (Answer: G~ does not define a
group.) The details are left as an exercise.

As another example, consider the negative transformation
T:R—R:s—T(s)=-s. (2.2)

It clearly satisfies the requirement of Eq. (1.7), with 7"(s) = —1 # 0 for all s € R. Figure 2.1 shows the
(pixelwise) effect of this transformation on an MRI slice.

Conjecture 2.1.3. The two-element set of histogram transformations D = {E, T}, with T as given by Eq. (2.2),
and E : R — R : s — E(s) = s, Le. the identity map, constitutes a commutative group. That is, D C G is a
commutative subgroup of the group defined in Conjecture 2.1.1.

Since this group, unlike previous examples, has a finite number of elements, it is also referred to as a discrete
group or a finite group.

Proof. In the case of a discrete group with n elements, D,, say, it is often helpful to evaluate all possible products
x; o x; explicitly for x;,x; € Dy, 4,7 = 1,...,n, and to represent the result as a table (n X n square matrix), cf.
Table 2.1. The proof then follows from the group multiplication table, as follows.

e Closure: In this case one can evaluate all possible products, cf. Table 2.1. (Identify z; = E, 22 = T'.)
e Associativity: It has been argued that this holds for functions of the specified type in general.

e Identity element: From the first column, respectively the first row of Table 2.1 it is clear that E € G is the
identity element, since x; o K = F o x; = x; foreachi = 1, 2.
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2.1. GROUPS AND SEMIGROUPS 2. BASIC MATHEMATICAL CONCEPTS

o Inverse element: From the diagonal of Table 2.1 it is clear that each element equals its own inverse, i.e.
N =x; € Gforalli =1,2.

o Commutativity: From the symmetry of Table 2.1 it is clear that x; o x; = x; o x; forall 4, j = 1, 2.

j=1lj=2
1=1 E
1=2 T

T
E

Table 2.1: Product table for the discrete group of Conjecture 2.1.3. The (4, j)-th element in this table contains the
product z; o z; in which x; = F and 2 = 7" enumerate all elements of G.

Figure 2.1: MRI image slice v : R?> — R : (z,y) — u(z,y) and its negative T ou : R? — R : (z,y) —
(T'ou)(z,y) = T(u(z,y)).
Figure 2.2 shows the power-law transformation

T,:[0,1] — [0,1] : s > T (s) = 87 (y € RT), (2.3)

for eight different parameter values. This type of transformation is known as a gamma correction. Figure 2.3
shows the result of gamma correction for several values of «y. Figure 2.4 shows the corresponding histograms.

output grey-level

input grey-level

Figure 2.2: Power-law transformations 7 (s) with s € [0,1] for v = 1/8,1/4,1/2,1,2,4,8. Tt is left as an
exercise to attach the appropriate v-label to each graph.
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2. BASIC MATHEMATICAL CONCEPTS 2.1. GROUPS AND SEMIGROUPS

Figure 2.3: Gamma corrections with v = 1/8,1/4,1/2, 1 (top row), respectively v = 1, 2,4, 8 (bottom row).

JJM‘J MML - -ML

- ML il b

Figure 2.4: Histograms corresponding to the images of Figure 2.3.

Conjecture 2.1.4. Cf. Eq. (2.3). Gamma corrections, I' = {T, | v € R"}, constitute a commutative group.

Proof. The following lemma is useful in this context.

Lemma 2.1.1. Cf. Eq. (2.3). For v, € Rt we have T, o T}, = T, ,,.

Again we have taken function composition as the default internal operation: (T, o T,)(s) = T(T),(s)) for all
5 € R. The proof of the lemma is given in the first item below.

e Closure: Let v, € R be arbitrary. Then (T, 0 T},)(s) = T, (T.(s)) = (s*)Y = s7# = T,,(s) for all
s € R, whence T, o T, = T, € T', since yu € R*. This proves closure and in particular Lemma 2.1.1.

e Associativity follows from the fact that function composition is associative by construction, as we have
seen previously.

e The identity elementis T} € I', i.e. the identity function, for we have, according to Lemma 2.1.1, T, o Ty =
TyoT, =T, forany v € RT.
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2.2. VECTOR SPACES 2. BASIC MATHEMATICAL CONCEPTS
e The inverse element of T’ is T} s for we have, according to Lemma 2.1.1, T, o T} Iy = T /~ © T, =T,

for any v € RT.
e Commutativity also follows with the help of Lemma 2.1.1, since for any v, € R™ we have T, o T, =

Ty =Tyy =Ty o I

Remark. Note that several group properties have been related to (group) properties of real number multiplication.

2.2. Vector Spaces

2.2.1. Vector Spaces in General

In order to handle signals and images conceptually we need to endow collections of these with some suitable
structure. Probably the most important structure one can impose is that of a linear space or vector space. Recall
the definition of a vector space [28, 29]:

Definition 2.2.1. A vector space V over the field K is a set of objects that can be added and multiplied by scalars,
such that the sum of two elements of V' as well as the product of an element in V with a scalar are again elements
of V' (closure property). Moreover, the following properties are satisfied for any u,v,w € V and A\, p € K:

e (ut+v)+w=u+(v+w),

o there exists an element o € V such that o + u = u,

there exists an element —u € V such that v + (—u) = o,
o ut+v=v+u,

e A(u+v)=Au+A-v

A4p)-u=X-u+tp-u,
(Ap) -u=A-(p-u)

o 1l -u=u

The infix operator 4 denotes vector addition, the infix operator - denotes scalar multiplication. Note that a vector
space is an extension of an abelian (‘additive’) group (closure and first four items) with the additional option to
scale or magnify elements (last four items), recall Definitions 2.1.1 and 2.1.3.

Caveat. Never confuse vector addition and scalar multiplication with addition and multiplication of ordinary
numbers.

If we talk about ‘the vector space V'’ without reference to the field K, the nature of the latter is supposed to
be clear from the context (or otherwise immaterial for the discussion). In practice one usually omits the scalar
multiplication sign, since no confusion is likely to arise. The above definition implies several properties not listed
explicitly, such as

e u+o0=u,

o (—1) -u=—u,
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0-u=o,

o the null vector o € V is unique,

e —0=o,

o the antivector —u for any given u € V' is unique,

o —(—u)=u.

(Prove these, using only axioms from Definition 2.2.1.) These properties also justify some sloppiness of notation
one frequently encounters, such as writing the null element o simply as 0, which is exactly what we will do
henceforth, unless explicitly stated otherwise. It should be clear from the context whether this indicates the null
vector in V' or the scalar number zero in K.

Caveat. Never confuse the vector 0 € V' with the ordinary number 0 € K.

A (linear) subspace is a subset of a vector space which is itself a vector space. The criterion to be verified in order
to determine whether a subset is indeed a subspace is the following closure property, a.k.a. the subspace theorem.

Theorem 2.2.1. Let V be a vector space over K and W C V. If for all wi,wy € W and all \, n € K we have
Awy + pwy € W, then W is itself a vector space, in other words, a subspace of V.

In some textbooks vectors are defined as n-tuples of numbers (‘column’ or ‘row vectors’, depending on layout),
e.g. (x,y) € R? is considered a (row) vector in n = 2 dimensions. Indeed, if we define (z1,%1) + (72,%2) =
(1 + x2,y1 + y2) and A (z,y) = (Az, Ay), then all properties of Definition 2.2.1 are satisfied. (Verify this!)
However, n-tuples endowed with these addition and scalar multiplication rules are only specific instances of
vectors. Definition 2.2.1 is more general and admits other objects than n-tuples.

Caveat. Never confuse a vector with a set of numbers (a ‘row’ or ‘column vector’).

Signals and images can be regarded as elements of a vector space. To this end one must state how addition and
scalar multiplication are to be performed such that the defining vector space axioms are satisfied.

For discrete signals and images (sharing a common domain of definition) the default vector addition and scalar
multiplication rules are defined in terms of entry-wise ‘ordinary’ (i.e. numerical) addition and multiplication, as
follows. Let o € Z™ label any grid point on an n-dimensional grid, and let s,¢ : Z" — K and A € K, then

(s +)()
(A-s)(a)
Likewise, for continuous signals and images vector addition and scalar multiplication are defined in terms of

point-wise ‘ordinary’ counterparts. Let z € R™ denote any point in an n-dimensional continuous domain, and let
f,9:R* — Kand A € K, then

s(a) +t(a), (2.4)
As(a) . 2.5)

(f+9)(z) = flz)+g(z), (2.6)
A-x) = Af(2). (2.7)

A vector space of functions is often called a function space. Notice the different meanings of summation and
multiplication symbols on left and right hand sides in Egs. (2.4-2.7). You should verify yourself that all properties
listed in Definition 2.2.1 are indeed satisfied in these cases.

Definition 2.2.2. The span of a set of vectors {v1,...,vn} CV is the vector space consisting of all linear com-

. . o, def
binations ( ‘superpositions’) of those vectors: span {vi,...,ux} = {A\v1 +... + Ay oy | A1,..., Ay € K}

Theorem 2.2.2. The span of a set of vectors constitutes a vector space.
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The proof is left as an exercise.

Definition 2.2.3. A set of N vectors {v1,...,vn} C V is called a basis of V' if

e span{vy,...,un} =V, and

e \i-vi+ ...+ Av-ony=0ifandonlyif \1 =...= Ay =0.

The first property says that you can construct any element in V' as a suitable linear combination of basis vectors.
The second property says that a basis is not redundant in the sense that the elements are linearly independent.

Definitions 2.2.2 and 2.2.3 can be extended to include the formal case N = oo, provided suitable conditions
are imposed on the amplitudes {);}2,. The details are beyond the scope of these course notes, but important
examples of such co-dimensional vector spaces are the function classes listed in the Preliminaries on page 2. You
should verify that these indeed constitute vector spaces. (Hint: Theorem 2.2.1 is applicable in several cases.)

2.2.2. Inner Product Spaces

Vector spaces can be endowed with additional structure. An inner product specifies, in a precise sense, the
‘similarity’ of two vectors, accounting for both magnitude and relative direction. (The notion of ‘magnitude’ is
captured by a so-called norm induced by the inner product, cf. Section 2.2.3. The notion of ‘relative direction’
can be expressed in terms an angle, cf. Eq. (2.18) below.)

Definition 2.2.4. Let V be a vector space over C. A complex inner product is a nondegenerate positive definite
hermitean sesquilinear mapping (| ) : V x V. — C satisfying the following properties. For all u,v,w € V and
A, i € C we have

Au+ polw) = X (u|w) + p*{v|w) (‘semi-linearity’ in first argument),

ulv) = (v|u)" (conjugate symmetry),

(
(u] v + pw) = Mu|v) + p{u|w) (linearity in second argument),
(
(

u|u) > 0 for all u # 0 (positivity and nondegeneracy).

The term ‘sesquilinear’ refers to the first two properties and indicates that the inner product is ‘almost’ bilinear.
The inner product would be bilinear if there were no conjugation symbol in the first rule. This is of course the
case if we consider a real inner product on a real vector space.

Definition 2.2.5. Let V' be a vector space over R. A real inner product is a nondegenerate positive definite
symmetric bilinear mapping (| ) : V xV — R.

It is left as an exercise to restate the defining rules for a real inner product on a real vector space, Definition 2.2.5,
in terms of explicit formulas similar to those in Definition 2.2.4.

Thus an inner product can be seen as a ‘slot machine’ with two empty slots. You can drop a vector into each slot
and the machine produces a number for you. Even if you don’t know the precise inner workings of that machine
its input-output relation must satisfy Definition 2.2.4 or Definition 2.2.5.

Example 2.2.1. Let V = C? with the usual complex vector space structure and let v = (v1, v2) and w = (w1, ws)
be two row vectors in V. Then the standard inner product is given by

(vjw) = v} w1 + V3 ws. (2.8)
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This rule also applies to column vectors. The standard inner product for row or column vectors is often written
as v - w instead of (v|w).

You should verify yourself that the standard inner product in this example is indeed a complex inner product. The
example can be generalized to discrete signals and images.

Example 2.2.2. Let r and s be discrete signals of equal length N. A complex inner product can then be defined
component-wise as follows:

(rls) =" _r(i)* s(i). (2.9)
i=1
Likewise for a real inner product (no conjugation symbol).

You should again verify that this is indeed an inner product according to Definition 2.2.4.

Example 2.2.3. For analogue signals defined on the unit interval [0, 1], say, we define the standard inner product
as follows:

1
(r]s) = /O r(t)* s(t) dt . (2.10)

Once again, you should check yourself that this is indeed an inner product according to Definition 2.2.4.

Example 2.2.4. For n-dimensional discrete images f, g on a finite regular grid 2 C Z™ we define the standard
inner product as
{flg) =D fl@) g(a), @11
a€cl)
in which « is a multi-index coordinate of the grid points.

Example 2.2.5. Finally, for functions on a continuous domain 2 C R"™ the standard inner product is defined as
follows:

(flg) = /Qﬂx)*g(x) . 2.12)

Of course, the analogue functions in Examples 2.2.3 and 2.2.5 must such that the integrals converge. This also
holds for the discrete series in Examples 2.2.2 and 2.2.4 in case N = oo or if {2 is not a finite grid.

Caveat. The standard or ‘usual’ inner products given by Eqgs. (2.9-2.12) are merely instances of inner products.
The defining properties of Definition 2.2.4 admit many non-standard choices.

Example 2.2.6. Consider images of the type f,g : R® — K, and let m : R® — R™ be a fixed, positive
definite function, such that

Hladw= | S0 o) m(a) do e.13)

is well-defined.

You should verify yourself that this is an inner product (and, as you go, establish why the function m needs to be
strictly positive). The function m acts as a ‘weight’ function and is called a ‘measure’. Eq. (2.13) is clearly not
the standard inner product, unless m(z) = 1 for all z € R™.

Example 2.2.7. As a second example of a non-standard inner product, consider the function space H'(R),
consisting of functions f : R — K for which both f itself as well as its derivative f’ are elements of L?(R).
Then you may verify that
o0
Hohw = [ (@) 9(0) + £@)" g (@) do .14
—oo

is an inner product. (We assume that the integral is well-defined, v.i.)
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You should verify yourself why we cannot omit the first (zeroth order) term in the integrand.

Assumption 2.2.1. Whenever we talk about inner products of signals or images we shall mean the standard inner
products defined according to Egs. (2.9-2.12), unless stated otherwise.

In an inner product space any basis can be orthogonalized and, if desired, normalized.

Definition 2.2.6. Recall Definition 2.2.3. Let V' be an inner product space. A set of N vectors {eq,...,en} CV
is an orthogonal basis of V if it is a basis and (e;le;) = ¢; 0;;, for some ¢; € RT. A set of N vectors
{e1,...,en} C V isan orthonormal basis of V if it is a basis and {(e;|e;) = &;;.

There exist systematic procedures for generating an orthonormal basis from an arbitrary one. A popular one is
the Gram-Schmidt orthogonalization process. This will be discussed in Section 2.3, notably Theorem 2.3.4.

With the help of an orthonormal basis one can represent any vector uniquely in terms of a tuple of numbers, or
coefficients (relative to that basis). This is in fact true—by definition—for any basis, but orthonormality greatly
simplifies things as the following theorem shows.

Theorem 2.2.3. Let V be an inner product space, with orthonormal basis {e1,...,en} C V, andv € V any
vector. Then there exists a unique decomposition

N
v = E C; €.
i=1

The N -tuple of coefficients ¢; are given by ¢; = (e;|v).

Proof. The first part is true by definition (otherwise {e1, ...,ex} C V would not constitute a basis). To determine
the coefficients, consider

N N N
(eilv) = (e > cjes) =D ¢jleiles) = ¢ b =i
j=1 j=1 j=1
This completes the proof. O

Theorem 2.2.3 can be generalized to so-called Hilbert spaces, in which there exists a countable, but not necessar-
ily finite orthonormal basis (N = 0o). This subject is beyond the scope of these course notes.

2.2.3. Normed Spaces and Metric Spaces

Instead of an inner product it sometimes suffices to provide a vector space with a norm. A norm specifies, in a
precise sense, how ‘big’ a vector is.

Definition 2.2.7. Let V be a vector space over K. A norm is a nondegenerate positive definite mapping || || : V. — R
such that for allv,w € V, A € K|

e ||v|| > 0and ||v|| = 0 if and only if v = 0,

o [Avll = Al ]lv

>

o [lv+wl <llvfl + [[wll
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A vector space equipped with a norm is called a normed vector space, or simply a normed space. The last
property in Definition 2.2.7 is known as the triangle inequality.

Closely related to a norm is the concept of a distance. A distance concept allows us to specify, in a precise sense,
‘how far apart’ two vectors are.

Definition 2.2.8. Let V be a vector space over K. A distance on'V' is a nondegenerate positive definite symmetric
mapping d : V x V. — R such that for all u,v,w € V, A € K,

e d(v,w) > 0and d(v,w) = 0ifand only if v = w,
e d(v,w) = d(w,v),

o d(v,w) < d(v,u) + d(u,w).

A vector space with a distance concept is referred to as a metric space. A distance function treats its arguments
essentially as points in an abstract space. Unlike with a norm, its definition therefore does not necessitate a vector
space structure; no reference to vector addition or scalar multiplication is actually made in the axioms above. The
concept of distance is therefore more generally applicable to spaces other than vector spaces, although vector
spaces are often ‘attached’ to each point on such a space (‘base manifold’) in the form of (local) ‘tangent spaces’,
collectively making up a ‘tangent bundle’ that ‘sits over’ that space.

We can construct a distance function once we are given a norm as follows:
d(v,w) = ||lw —v]. (2.15)

Thus every normed space is a metric space. Not every metric space is a normed space, however. You should
verify yourself that Eq. (2.15) is indeed a distance.

Furthermore, given an inner product we can derive a norm and therefore a distance, viz.

]| = V/{vlv), (2.16)

i.e. the length of the vector v, whence

d(v,w) = /{w — vjw —v) . (2.17)

Thus an inner product space is both a normed space as well as a metric space. It is left as an exercise to show that
Eqgs. (2.16-2.17) are good definitions, in the sense that they comply with Definitions 2.2.7-2.2.8.

Caveat. In physics it is often taken for granted that a metric space is an inner product space, in which the inner
product induces the norm and distance functions. For this reason an inner product is often referred to as a metric
in physics.

In analogy with the geometrical interpretation of the usual inner product in R? and R? one defines the abstract
angle o € [0, 2m) between two (nonzero) vectors in general via the formula

(v|w) = o] [lw]| cosa, (2.18)

in which the norm is the one induced by the inner product according to Eq. (2.16). In this way you may e.g.
compute the angle between two functions. As an instructive example you may want to compute the angles
between the function f and the respective functions g1, g2, g3, given by f(z) = €%, go(z) = 1, g1(x) = 1 4+ =z,
respectively go(z) =1+ + %x2, with domain [0, 1], relative to the standard inner product.

Definition 2.2.9. Let V' be an n-dimensional normed space withnorm || || : V — R, anda € V, r € RT.
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o The sphere with midpoint a and radius r is the set 0Q(a,r)={v € V | ||v — a||=7}.
e The open ball with midpoint a and radius r is the set Q(a,r)={v € V | ||[v — a|| <r}.

e The closed ball with midpoint a and radius r is the set Q(a,7)={v € V | |[v—al|| <7} =Q(a, r)UIQ(a, ).

A sphere in n = 2 dimensions is usually called a circle, whereas a ball is usually called a disk. In n = 1 a sphere
degenerates to a pair of points, and a ball becomes an interval.

Example 2.2.8. If (2, %) and (u,v) are two points in R?, then you may check yourself that

o d((z,y), (u,v)) = /(u—2)?+ (v —y)2 and
e d((2,9), (u,v)) = |u—z|+[v -yl

both define instances of distance functions on R? by verification of the defining properties in Definition 2.2.8. A
sphere in the sense of the first (‘Euclidean’) distance measure—our ‘usual’ notion of distance—has the shape of
a circle. However, relative to the second (‘Manhatten’) distance measure a sphere is actually a square!

An important class of norms in image analysis is given by the so-called p-norms, p > 1, defined as follows.

Definition 2.2.10. Let f : Q C Z"™ — K be a discrete n-dimensional image defined on the n-dimensional
regular grid Q) C Z"™. Then its p-norm is defined as

1/p
1fllp = [ZIf(a)lpl p>1,

in which . € Q is the multi-index coordinate of a grid point. For p = oo we define the sup-norm as
[fllsc = sup [f()],
acf)

where the supremum is taken over all pixels « € §). For images f : Q C R" — K on a continuous domain we

define these norms as
1/p
I = | [ 1 a] "

[[flloc = esssup |f(z)].
e

respectively

The most important instances in practice are those forp = 1, p = 2, and p = oc.
Example 2.2.9. Let s = {0,4,2i{,—6,2,1,0} and f = {{0,1,0},{1,—4,1},{0,1,0}}. Then you may verify
(no calculator required) that ||s||,, and || f||, for p = 1,2, co are as follows:

sl =12, [isllz = V46 ~6.78, sl =6, [fl1=8, [fl2=2V5~447, |fllc=4. (2.19)

Recall that in the discrete case the grid may even consist of infinitely many grid points, provided the discrete
functions considered are admissible in the sense that their norm defining series converge. In the continuous case
the functions must be such that their norm defining integrals exist. The space of functions with domain 2 C R"
for which the p-norm is well-defined is denoted by LP((2).

In fact, the normed space LP({) is an instance of a so-called Banach space, i.e. it is complete. This means that
every Cauchy sequence in L?(€2)—i.e. a sequence { f,, }nen such that || f, 4 — frn|| —> 0 as n — oo for every

m > O0—converges to an element in L”(€2). Banach spaces are beyond the scope of these course notes.

We have the following important result, known as the Holder inequality.
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Theorem 2.2.4 (Holder Inequality). Let 1 < p,q < oo such that 1/p + 1/q = 1, and let f € LP(Q) and
g € L1(Q), then

IN

Ifglle < 1FNp llgllq -

The pair (p, ¢) in Theorem 2.2.4 is referred to as a Holder conjugate pair, and the entries p and ¢ are said to be
eachother’s Holder conjugates. By formal definition, oo (‘not-a-number’) is admitted as the Holder conjugate
of 1, vice versa, by defining 1/00 = 0. Note that 2 is the only number that is the Holder conjugate of itself. A
special case is therefore the so-called Schwartz inequality.

Theorem 2.2.5 (Schwartz Inequality). Let f,g € L?(S2), then
1fglls < [Ifll2 llgll2-

In view of its reciprocal role in the Holder inequality, the Holder index value p = 2 can be seen as lying ‘halfway’
in-between the instances p = 1 and p = oc.

Example 2.2.10. To familiarize yourself with these theorems you may want to verify the following two claims:

1. The Holder inequality can be used to show that for an image f : @ C R®™ — K with a finite domain
volume, V' = Vol Q = [, dx say, we have || f||1 <V || f|loo. provided || f||o exists.

2. The Schwartz inequality can be invoked to prove the existence of the integral

o = | T (F@) gl + fa) ¢ (@) de,

—00

recall Eq. (2.14).

The inclusion theorem tells us how all LP-type function spaces are nested, at least for compact domains.
Theorem 2.2.6 (Inclusion Theorem). For compact Q2 € R™ we have

L) C LP(QY) whenever 1<p<gq.

That is, L*(€2) is the largest, L°>° () the smallest of all LP-type spaces. Theorem 2.2.6 holds for compact domains
only. A compact space is a normed space in which all points lie within some fixed distance of each other. A closed
and bounded subset of R™ (equipped with its standard norm) provides an example of a compact space.

2.3. Linear Operators

2.3.1. Linear Operators in General

Definition 2.3.1. A linear operator A : V. — W between the vector spaces V and W over K is a mapping that
satisfies the following property: A(Av + pw) = A A(v) + p A(w) forall A, u € Kand v,w € V.

In other words, linear combinations of vectors are mapped to corresponding linear combinations of their images.

Linear operators are often referred to simply as ‘operators’. A special case arises if W = C or R. In that case one
often refers to the linear operator as a linear functional (or simply functional), or as a covector. We may interpret
a linear functional or covector as a machine with one empty slot into which we can drop a vector so as to produce
a number in a linear fashion.
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Example 2.3.1. Verify the following claims yourself.

e Let V be an inner product space, and a € V fixed. Then L, : V — K : v — L,(v) = {a|v) is a covector.

e Let f € L'((0,1)) fixed. Then Ly : L>((0,1)) — K : ¢ — Ly(¢) = fol f(z) ¢(z) dx is a linear
functional. (Hint: Recall Theorem 2.2.4 and first show that the integral is well-defined.)

e Let z € R be a fixed point. Then the ‘point evaluation map’ 6, : C(R) — K : ¢ — 6,(¢) = ¢(z), is a
linear functional, known as the Dirac point distribution.

Definition 2.3.2. The collection of all linear operators V. — W is denoted by £ (V,W):

Z(V, W) 2o {A:V — W | Ais linear} .

For A,B € Z(V,W) and \, . € K we define the linear combination N\ A + u B € £(V, W) as follows:

(MA+ pB)(v) déf)\A(v) +uBW) forallveV.

Theorem 2.3.1. Recall Definition 2.3.2: £ (V, W) is a vector space.

The proof of Theorem 2.3.1 is left as an exercise.

In the special case that V' = W we may concatenate linear transformations, i.e. if A, B € .Z(V,V), then Ao B
is the linear transformation obtained by first applying B, then A. Note that this combined transformation is
generally different from B o A.

Caveat. Linear transformations do not commute in general.

More generally, if A € Z(V,X), B e Z(X,W),then Bo A € Z(V,W), but A o B does not exist, unless the
range of B happens to be a subspace of V.

Definition 2.3.3. If A, B € £(V,V), then their commutator is defined as [A, B] ' AoB—BoA.

In particular we may repeatedly apply a linear transformation A € £ (V, V) so as to obtain Ao ... o A, k times,
say. One usually omits the concatenation symbol o and simply writes AB, BA, A, et cetera.

Example 2.3.2. You should verify yourself that the following claims hold.

If A, B € Z(V,V), then both AB as well as BA are linear transformations.

Let Ae Z(V,V), I e Z(V,V) the identity, and 0 € £ (V, V) the null map. Then [4, A] = [A,I] = 0.

Forall A, B € £(V,V) we have [A, B] = —[B, A].

The mapping 2 : C**1(R) — CF*(R) : s + &, in which § denotes the derivative of s, is a linear operator.

Let f € L}(R) and ¢ € C°°(R) N L>°(R), then the map

P2 C¥®)NI¥R) — R0 F0) = (116) [ j@) o) ar

is a well-defined linear map. (Why is this not an inner product? Recall Eq. (2.10).)

Definition 2.3.4. Let V and W be inner product spaces with inner products denoted by (| ), respectively
(| V> and A € L(V,W). Then the adjoint operator AT € £ (W, V) is defined as the linear operator for
which (ATw|v),, = (w|Av)y, forallv € V,w € W.

30



2. BASIC MATHEMATICAL CONCEPTS 2.3. LINEAR OPERATORS

Theorem 2.3.2. Let A € £ (V,W). Then AT € £ (W, V). Furthermore, if \, p € K, then we have (A A + 1 B) =
N At 4 B I =1, (AB)T = BTAT, and, if A is invertible, (A™)" = AT™,

Proof. The proof is left as an exercise to the reader.
Definition 2.3.5. Let A €¢ Z(V,V). If AT = A, then A is called self-adjoint.
Definition 2.3.6. Let A € L (V,V). If A™ = A%, then A is called unitary.

In the context of vector spaces over R instead of C one usually writes AT instead of AT, and refers to it as the
transposed operator. If AT = A, then A is called symmetric, and if A™ = AT, then it is called orthogonal.

2.3.2. Matrix Representations of Linear Operators

In the finite-dimensional case linear operators A € Z(V, W), with V' and W inner product spaces, are most
conveniently characterized if we are in possession of an orthonormal basis for V and W, {ey,...,epn} C V,
respectively {f1,..., fnv} C W, say. In that case we have the unique decompositions v = Zi\il vie; €V,
respectively w = Zi\;l wq fo € W. Applying the defining rules for a linear operator, Definition 2.3.1, yields

M M
Av) = A(Z v; €;) = Z v; Ae;) - (2.20)
i=1 i=1
The vectors A(e;) €W, i =1,..., M, are unique linear combinations of the basis vectors f,, a=1,..., N, so
N
Alei) = Ai fa- 2.21)
a=1

We have A,; = (falA(e:))y = (AT(fa)les)y. (Verify this yourself.) Thus if we set & = A(v) for simplicity,
then combining the previous results we observe that

N
8 AW) E Y B fa (2.22)
a=1
in which the components v, have been defined as
M
o= Agvi a=1,...,N. (2.23)
i=1
Observation 2.3.1. The components A,; of the A-image of the i-th basis vector e; € {ey, ... ,en} of V relative
to the basis { f1,..., fn} of W define an N x M matrix
All . AlM
A =
ANI e ANM

If we collect the components of v € V and v € W relative to their respective standard basis into column vectors
v and v we can use matrix notation to rewrite Eq. (2.23):

1~)1 A11 e AlM V1
— or v=Av. (2.24)

@N ANl ANM UM
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That is, Ag; is the entry in the a-th row and i-th column of the matrix A. We will refer to Eq. (2.23) as the index
notation corresponding to Eq. (2.24).

Example 2.3.3. Verify the following the matrix representation of a linear derivative operator relative to a basis:

e Let V = span {sg, 51,52} with 59:[0,1] = R:z > so(2) =1, 51:[0,1] = R:2 > s1(z) =v3(2x — 1)
and s5:[0,1] — R:2 + so(x) =v/5(622 — 62+ 1), endowed with an inner product as given by Eq. (2.10).
Let 2 : V — V : s — § be the derivative map on V' (note that V is closed under 2). Then {so, s1, s2}
constitutes an orthonormal basis of V. The matrix representation D of 2 relative to this basis is given by

0 23 0
D=0 0 2V15
0 0 0

Theorem 2.3.3. Suppose A is the N x M matrix corresponding to a linear transformation A € £(V,W') and
A is the matrix corresponding to the adjoint linear transformation AT € (W, V). If the entries of A are given
by Agi,a=1,...,N,i=1,..., M, then the adjoint matrix AT is the M x N matrix with entries Aja =A%

A11 A A]_]\/[ ATI e A?\’l
A= : — Af= :

An1 ... Anm Al o Ay
In particular, if V is a real vector space, then AT has matrix representation AT with AT = A,;.
Remark. Remember that a matrix representation of a linear transformation always requires a pair of bases relative
to which the original and mapped vectors are decomposed. Such a choice of bases for V' and W is implicit in
Theorem 2.3.3. It is left as an exercise to prove Theorem 2.3.3.

Caveat. Never confuse a linear transformation with its matrix representation.

Eq. (2.21) leads to the following, important interpretation of the columns in a matrix.

Result 2.3.1. The i-th column of a matrix A associated with a linear map A : V. — W contains the coefficients
of the A-images of the i-th basis vector of V relative to the basis of W.

The coordinates of the i-th basis vector e; relative to the basis {e1,...,ep} C V are all 0 except for a 1 at i-th
position. Written in explicit matrix notation, Eq. (2.21) therefore becomes

0
A11 . Ali . Aljy[ Ah;
z e
An1 ... Ani ... Anm Apn;
0

which indeed reproduces the coefficients of A(e;) = Zivzl Ag; fo relative to the basis { f1,..., fn} C W.

2.3.3. Projections

Projection maps constitute an important class of linear operators. Their defining property is idempotency.
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Definition 2.3.7. Recall Definition 2.3.1. Let V be a vector space and W C V a subspace. A projection
P .V — W is a linear idempotent mapping, i.e. P?> = P.

If V is an inner product space, then one often considers orthogonal projections.

Definition 2.3.8. Recall Definition 2.3.7. Let V be a vector space and W C 'V a subspace. An orthogonal
projection P : V. — W is a self-adjoint linear idempotent mapping, i.e. P> = P and Pt = P.

We illustrate their importance by introducing a systematic procedure for obtaining an orthonormal basis for an
inner product space given an arbitrary basis.

Theorem 2.3.4 (Gram-Schmidt). Let V' be an inner product space with basis {vi,...,un} C V. Then an
orthonormal basis {e1,...,en} CV can be constructed as follows. Let

i—1 ’ )

TR IE - T

1 (erler)

forsomeindexi=1,...,N. Then{e},... e} C V isan orthogonal basis of V. Consequently, renormalizing
1 ;.
e; = e; (i=1,...,N),

Vieiler)

will render the set {e1,...,ex} C V orthonormal.

Proof. Suppose {e,...,e;_;} is orthogonal, i.e. (e} |e}) = cxdy; for j,k =1,...,i — 1 and ¢ € R. Then

(e = fo — 5 ekl
117y g 6;€|€/

k=1 (ekle

> A PVAE vile! _i71 <€;C|’UZ‘> *6/ e * vilel) — €/U'*i
el = (el kz( >) (eblel) = (uilel) — {ehos)* 2 0.

— \ (el

The identities marked by * rely on inner product axioms, the one marked by % uses in addition the orthogonality
assumption above. Note that ¢y is strictly real (why cannot it have an imaginary component?).

Remark. P, (v) = <<w||v>> w is referred to as the orthogonal projection of v € V' onto span {w}.
wlw

Theorem 2.3.5. Let V be a vector space and W = span {w, ..., wpr} C V. Let {e1,...,en} be a basis of V

and w; = 21111 aje;, j=1,..., M. Furthermore, let A be the matrix of coefficients
a1 . Q1M
A =
an1 . GNM

Then the orthogonal projection P : V. — W has matrix representation

P=A(ATA)"AT.

Although the matrix A depends on the choice of the vectors w;, the matrix P actually depends only on span {w1, ..., war}
and not on the particular choices of w;. To see this, consider any independent linear combination, say w; =

Zﬁil Vijwy. Note that span {wy, ..., wy} = span{w,...,wy }. Proceeding as outlined in Theorem 2.3.5
we consider the coefficients of the new spanning vectors w; relative to the basis {e1,...,en}. These follow
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.. ~ M M N N ~ ~ M
from the definition: wj = Zk:l ijwk = Zk:l ij Zi:l Aip€; = Zi:l ajje;i, SO that Qij = Zk:l aikaj.

Collecting these coefficients in a matrix we get A = AV, where V is the invertible M x M matrix

Viie .. Vg

Vi .. Vaw

Thus according to Theorem 2.3.5 the matrix representation of the corresponding orthogonal projection equals

inv

o J&(XTA)WKT = AV((AV)'AV) " (aV)T.

inv

Substituting (AV)! = VAT and ((AV)TAV) = Vi (ATA)™ V™, we obtain

inv

P = A(VV™)(ATA)™(VI™VHAT = A(ATA) ™At =P,

Example 2.3.4. Consider W = span {w} for a single vector w € V, say w = Z@Z\; w;e;. We indicate the
column vector of components of a vector v relative to the given basis by v. Then

w1
A=| : and AT =[w;... wy]
wN
and '
mnv
ATA)™ = [w1 wN] . = —,
wN
so that
w1 U1
1 (wv)
Pv = : — w1 ... wN] = w,
| (wlw) (wlw)
wWN UN
in which
w1
W =
wN

This is the column representation equivalent of P, (v) presented in the remark on page 33.

Example 2.3.5. Recall Theorem 2.3.5. Verify yourself that projection matrices corresponding to orthogonal
projections relative to any given basis are symmetric and idempotent. Furthermore, using the definition of the
projection map P,, on page 33, likewise verify that if {e;,...,ex} C V is an orthonormal basis of V, then
Zil\il P., =1, i.e. the identity map on V.

2.4. Algebras

It is often desirable to combine signals and images in other ways than by vector addition or scalar multiplication.
For instance we would like to be able to (somehow) multiply them. This calls for an algebraic structure.
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Definition 2.4.1. An algebra <7 over the field K is a set endowed with two internal operations and an external op-
eration, usually called ‘addition’, ‘multiplication’ (or ‘concatenation’) and ‘scalar multiplication’, respectively.
Addition and scalar multiplication obey the usual vector space axioms. The requirements for multiplication are
as follows. Denoting the infix multiplication operator by o, we have, for all a,b,c € 7 :

aob € A
(aob)oc = ao(boc),
ao(b+c¢) = aob+aoc,
(a+b)oc = aoc+boc.

In other words, o is closed (‘internal’), associative, and distributive with respect to addition. Moreover, scalar
multiplication must be such that for all a,b € of and A € K,

Aaob)=(Aa)ob=ao(Ab).

An algebra does not necessarily have an identity element e € < suchthateoa =aoe = aforalla € <. If it
does, it is called an algebra with identity. If in addition every nonzero element a € </ has an inverse a~' € <,
meaning a o a”' = a~' o a = e, one calls it a regular algebra. A singular algebra is one in which we cannot
invert all nonzero elements. Multiplication is generally not required to commute. If aob = boa forall a,b € <,
we have a commutative algebra.

Two concrete instances of image algebras will turn out important for future use, the multiplication algebra and
the convolution algebra. For simplicity we will take the image domains to be all of Z", respectively R™.

Example 2.4.1. Let I/ be a vector space of discrete images, and f, g € V. Then multiplication is defined by
(f xg)(a) = fla)g(a) (aeZ").

Similarly, if V' is a vector space of images on a continuous domain, and f, g € V, then

(f xg)(x) = f(x) g(x) (ze€R").

It is common to write fg instead of f X g, et cetera. This algebraic product is usually referred to simply as ‘the
product’ of f and g.

Example 2.4.2. Let I/ be a vector space of discrete images, and f, g € V. Then convolution is defined by

(fxg)(@)= > fBgla—-B) (aeZ").

BeZ™
Here we have assumed that f(«) = g(«) = 0 whenever the index exceeds the bounds of the underlying grid so

as to make the expression on the right hand side well-defined. Similarly, if V' is a vector space of images on a
continuous domain, and f,g € V, we define

(fxg)(z) = - f) gz —y)dy (xecR").

Again, if the function domain 2 C R" is a proper subset of R™ then we set f(z) = g(x) = 0 whenever z ¢ (2 so
as to make the right hand side well-defined.

You should verify that both multiplication and convolution of images fulfill the basic algebraic requirements of
Definition 2.4.1, and that they are commutative.
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DIFFERENTIATION
AND INTEGRATION

3.1. Integration

3.1.1. Definition via Riemann Sums

Recall the definition of a definite integral from standard calculus. We consider the one-dimensional case first, say

/abf(x)dx,

in which f € C([a, b]) is a real-valued function. Results can be extended to f € L!([a, b]).

Definition 3.1.1. Subdivide the interval [a,b] into N intervals of equal length by choosing N + 1 sample points
g, k=0,...,N, withxg = aand xy = b, such that Ax = xy, — 1 = (b — a)/N independent of k. The
set of equidistant points {x, = a+ k(b —a)/N | k = 0,...,N} is called a partition of the interval [a,b),
and the subinterval width xy, — x_1 = Ax the norm of the partition. In each subinterval choose an arbitrary
sample point x}, € [xp_1,zx), k = 1,..., N. In Figure 3.1 the situation has been sketched for the case in which
xy = (Tx — TK—1)/2, i.e. the midpoint of the k-th subinterval. We now define

N

b
/a f(z)de Anzl?ozf(x;)m.

k=1
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3.1. INTEGRATION 3. DIFFERENTIATION AND INTEGRATION

Because Ax is a constant (in this case) we may put it in_front of the summation sign'. Note that in the limit Ax | 0
we have N — oo. Without this limit the right hand side of the defining equation in Definition 3.1.1 is called the
Riemann sum associated with the partition {mk}kzo,__ﬂ]v and the representative sample points {xZ}k:L,,,,N.

For a discrete signal defined on a regular grid we approximate the integral by identifying the partition with the
sampling grid and by discarding the limit. One often tacitly assumes that Az = 1.

Definition 3.1.2. If x}, is the point in the interval [xg—1,2k] at which | takes its maximum (minimum), the
associated Riemann sum is called the upper Riemann sum (respectively lower Riemann sum).

Upper and lower Riemann sums provide useful bounds for the exact integral. The conjecture is that in the limit
of vanishing Az both coincide, and are equal to the limit of any other Riemann sum regardless of the partition.

TN
Xo=a . /ﬂ |
fx = f(x)— B / Ly
N A
[ N A
I Y I O

|

I

1/

I/ Xk-1 | Xk
1/ . Xn=b

I
I
|
I
I
N’ Xk

Figure 3.1: Approxiomation scheme for one-dimensional definite integral by a Riemann sum.

Thus, as Figure 3.1 illustrates, the Riemann sum approximation is based on summing areas of narrow rectangles.

Definition 3.1.3. One may instead consider the areas enclosed by the curves

Y = {(r-1,0), (Tr—1, f(xr-1)), (&, f(2k)), (£, 0), (2—1,0)} k=1,...,N,

so as to obtain the so-called trapezoidal approximation

b

N
f(xr—1) + f(ar)
fl)de =y —————""2 Ax.
a 2

You may want to sketch the situation in a plot similar to Figure 3.1 and explain this result as well as its name.

Definition 3.1.1 can be generalized to multiple dimensions. For simplicity we first consider integrals of the type

bn bl
/ flt,. ., 2™ dat ... da™,
an ai

in which f : [a1,b1] X ... X [an,b,] — R is an image defined on a rectangular domain. Again we assume
f € C(lar,b1] X ... X [an, by]), although results can be extended to f € L ([a1,b1] X ... X [an, bn]).

One can generalize the argument to non-equidistant points. The norm of the partition is then the longest subinterval width.
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3. DIFFERENTIATION AND INTEGRATION 3.1. INTEGRATION

Definition 3.1.4. For each i = 1,...,n, subdivide the interval [a;,b;] into N; intervals of equal length Ax® by
choosing N; + 1 sample points x}, , ki = 0,..., N, with xf, = a; and &'y, = b;, such that Ax* =z} —x} | =
(b; — a;)/N; independent of k;. Choose an arbitrary sample point x}* € [z} _,,x} ]. Then we define

bn by
/ / flat, .. ™) dat ... da hm Z Z flapr, .. 2 ") AV,

ki1=1 kn=1

inwhich AV = Azl. .. Az™

Because the volume element AV is a constant for a regular grid we may put it in front of the summation sign.

Definition 3.1.5. Recall Deﬁnition 3.1.4. Then upper Riemann sums and lower Riemann sums are obtained by
choosing the sample points (xk yev, @) such that f(xh* ks, @) is the maximum, respectively minimum of
f on the corresponding blocks [xk T ] XX [xkn_l, oy ]

Figure 3.2 shows an approximation of the integral of a two-dimensional MRI image in terms of a Riemann
sum with 64 terms. (Note that each term is itself the outcome of a Riemann sum!) This approximation can be
improved by refining the Riemann sum to a sum over the original pixel mesh (65536 terms, one for each pixel),
but obviously no further refinement is possible in practice. The sum of all numbers listed in Figure 3.2 equals the
Riemann sum evaluated over the original 256 x 256-grid. (Why?)

101/105(108| 95 |1e&

53104110 93 | 98 (110| 90

103| 90 [113| 83 6

135/ 87 | 84 | 95| 89 | 94

“3ll 103|105 101|113 8

I 95 2N 89 116 4

Figure 3.2: Approximation scheme for two-dimensional definite integral by a Riemann sum. Left: 256 x 256
MRI image. Right: A coarse Riemann sum for an 8 x 8 grid can be obtained as the sum of all pixel values of
a correspondingly downsampled version of the image. In this case each pixel shown on the right is the average
over a square of 32 x 32 pixels in the original image on the left.

Definition 3.1.6. Recall Definition 3.1.4. If the integration domain is not rectangular, but instead occupies some
arbitrarily shaped, simply connected (and sufficiently decent) volume ) C R™, then Definition 3.1.4 applies after
multiplication of the integrand by the indicator function on @ C R™:

; 1 n
Xﬂ(ﬂcl,...,x")cﬁf{ Loif(zh,...a") e

0 otherwise.
That is,

/Qf(x)d [ @) xal)dr.

If Q) is a finite region, then the sum will effectively contain a finite number of terms. If not (e.g. if {2 = R™), then
additional restrictions apply to the type of functions that are allowed in the integrand (e.g. f € L'(R™)).

The integrals we have encountered previously and will elaborate on further are mostly of the type covered by
Definition 3.1.4 with n = 2 or n = 3, and occasionally with n = 1 (e.g. signals, or ‘maximum intensity
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projection’ of images) or n = 4 (movies of volume data). Other types of integrals are also of interest in image
analysis, such as line integrals and surface integrals of scalar and vector images. In this context the famous
integration theorems, such as Stokes’ Theorem and related ones (Green, Gauss), come into play. Suffice it to
say that the Riemann sum approximation scheme discussed here provides the basic insight needed in order to
appreciate integrals of general type.

3.1.2. Convolution and Correlation

The convolution product (recall the definition on page 35) and the correlation product are bilinear operations
closely related to the inner product defined for images in Section 2.2.2. However, as opposed to the sesquilinear
inner product, these are defined to be bilinear also in the complex case:

Definition 3.1.7. Let V' be a vector space of discrete images, and f,g € V. The discrete correlation product of
f and g is the discrete image f x g defined by

(f*9)( Z f(B a) (aeZ™).
ﬁGZ"
The discrete convolution product of f and g is the discrete image f * g defined by
(f*9)( Z f(B -8) (aeZm™).
Bez™

Here we assume that f(a) = g(a) = 0 whenever the multi-index exceeds the bounds of the actual grid so as to
make the right hand sides well-defined.

Definition 3.1.8. Ler V' be a vector space of images on a continuous domain, and f,qg € V. Then we define the
continuous correlation product as the image f x g defined by

(fxg)(z) = - f)gly—x)dy (xecR").

Finally, the continuous convolution product is the image f * g defined by

(f*g)(x) = - fy) gz —y)dy (zeR™).

If the function domain Q2 C R"™ is a proper subset of R™ then we set f(x) = g(x) = 0 whenever x & ) so as to
make the right hand sides well-defined.

Thus the difference between correlation and convolution lies in a relative minus sign. The implication of this
is that the correlation product fails to generate an algebra, as opposed to the convolution product. Also, the
convolution product is commutative, the correlation product is not. You should verify these claims yourself by
proving the following claims: (f xg)xh = fx(g*h), (fxg)xh = f*(g*h), f*xg = g=* f, and, for all
z e R, (frg)(@) = (g% f)(—x).

The similarity between convolution and correlation is formalized by the following observation:

Observation 3.1.1. Let g : R™ — K be a suitably defined function, and §(x) = g(—zx) for all t ¢ R™. Then
(f x9)(x) = (f*9)(x) and (g [)(x) = (f*g)(-x).
Caveat. In the image literature different definitions coexist for correlation and convolution.
In a convolution or correlation product of two functions, one typically represents an image, the other a “filter’,

i.e. a suitably constructed function for the purpose of image processing. In practice one has to deal with the
‘boundary problem’ that arises as soon as points outside the actual image/filter domain are referenced.
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Example 3.1.1. Figure 3.3 shows a symmetric, 3 x 3 filter g. In filter plots such as this it is tacitly understood
that the origin of the coordinate system is in the middle of the image. Figure 3.4 and 3.5 illustrate how correlation
is performed between an 8 x 8 image f and this filter. The symmetry in each direction causes convolution and

correlation to coincide. The question marks indicate boundary pixels at which correlation (or convolution) cannot
be calculated without additional assumptions.

30 24 28 61 50 55

62 |52 -54 -2 86. ?

-76928 -7 -13 -28 7

? 57181 12 -92 -99 67

Bl v o i8] o i@ -

73 [81|-72 38 | 69 22

Figure 3.4: Principle of discrete correlation. From left to right: Discrete 8 x 8 image labelled with pixel values,
3 x 3 filter mask, and correlation product.

Figure 3.5: Product of image and filter mask, in this example centered at the pixel (5,4) relative to the lower left

corner, with value 57, cf. Figure 3.4. In this image it can be seen how the correlation product at pixel (5,4) is
evaluated, viz. —1 X 83 —1x94+4 x57—-1x48 —1 x 95 = —92.

If, unlike Figure 3.4, the filter is not symmetric in all directions, then convolution and correlation will in general
not be identical. Consider Figure 3.6 as an example. Figures 3.7 and 3.8 illustrate the correlation and convolution

products, with the boundary effect explicitly indicated, and the way of constructing their respective values at the
same pixel of interest as before.
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?

4 120] 50 .

? 722 ~4 1-8|-32 -95 7

? —6 -83 -89 -70 7
-82 -34

? —56 —17m LW -59 ¢
? H—M -30 1282

2 2

3 50 48 13

35 EE 64 ? -120-50 -10 -15 -18

-72

4 E
- -

. [
- B0 =

Figure 3.7: Correlation versus convolution. Top row, from left to right: Discrete 8 x 8 image labelled with pixel
values, 3 x 3 correlation filter mask, and correlation product. Bottom row, from left to right: Same as first row,
but now for convolution instead of correlation.

=+34

Figure 3.8: Product of image and filter mask, again centred at pixel (5,4) with value 57, cf. Figure 3.7. The left
image illustrates the case of correlation. It shows how the correlation product at the pixel of interest is evaluated,
viz. —1 x 83 — 1 x 944+ 1 x 48 + 1 x 95 = —34. The right image illustrates the case of convolution. It shows
how the convolution product at pixel (5, 4) is evaluated, viz. 1 x 83 + 1 x 94 — 1 x 48 — 1 x 95 = 34. Notice
the mirroring of the filter mask.
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3. DIFFERENTIATION AND INTEGRATION 3.2. CLASSICAL DIFFERENTIATION
3.2. Classical Differentiation

An important tool in image analysis besides integration is differentiation. We distinguish between classical
differentiation, pertaining to infinitesimal limiting procedures, and distributional differentiation. The decisive
issue that will force us to replace classical by distributional differentiation is well-posedness [15]. Well-posedness
and continuity are close-knit. In essence they boil down to the requirement that small errors in input (‘noise’)
should produce small errors in output. More precisely, smaller errors in input should produce smaller errors in
output, whereby the latter should vanish in the limit whereby the former is made to vanish.

3.2.1. Exact and Numerical Definitions of Classical Differentiation

The primordial example of classical differentiation is the following.

Definition 3.2.1. Let f € C*(R) be a real-valued function. If the limit

oyt i H 1) =S

exists, then f'(x) is called the first order derivative of f at x, and f is said to be differentiable at x in classical
sense, or simply differentiable at x. A differentiable function is a function that is everywhere differentiable.

To obtain the k-th order derivative of f at z, notation f(*)(z), apply the above procedure k times in succession.

Definition 3.2.2. The class of k-fold continuously differentiable functions with domain R is indicated by C*(R).

We have the inclusion relation C“(R) ¢ C*(R) ¢ C*(R) c C™(R) forallm =0, ..., k.

Example 3.2.1. The infinitesimal limiting procedure for obtaining the second order derivative f’(x), assuming
f € C%(R), is as follows. Set g(z) = f'(z), thus

o flzt+h) — f@)
g(x)—hhglof.

Then f"(x) = ¢'(z), i.e.
gt h) —gla) et ha k)~ [t h) [t k)4 ()

0 h h—0 k—0 kh

f’(z) = lim
h—

We may simplify this by setting k = h:
flxz+2h) —2f(x+h)+ f(z)

1" — 1- .
(=) o h2
Alternatively, we may choose to set k = —h, in which case we obtain instead
h) —2 —h
) — i TEEN) =20 @) S B
h—0 h?

In numerical schemes (dropping the limiting procedure) the latter ‘central difference quotient’ is often preferred
in view of its symmetry w.r.t. the central point x.

The example shows that the asymmetry w.r.t. the point z in the difference quotient in Definition 3.2.1—i.e., again,
discarding the limit—tends to propagate to higher orders. A way to obtain central differences directly is to define

of H-f@-%) _ h)— flz—h
f/(x)d:fhlinof(x_'_Q)hf(x Q)Zhhi%f(x‘*‘ )2hf($ )

3.1)
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instead of Definition 3.2.1. The central difference quotient on the right allows us to identify h with the grid
constant in a straightforward numerical computation. Offsets by fractions of h, such as in the middle, can be
numerically handled after interpolation. You may verify that linear interpolation in this case would make both
central difference quotients coincide.

For multivariate functions partial derivatives may be defined in a similar fashion. If f : R® — R is such
a function, then in order to take a partial derivative w.r.t. #, say, freeze all function arguments except z* and
proceed as for the one-dimensional case. In other words, if g : R — R is the one-dimensional function defined

by g(y) = f(xt,... o=ty ar Tt . 2™) for fixed 2, ..., 2# 7L okt L 2™, then
of def dg
P “(xl,“'axn) = I(y .
x Y Yy = xH
The class of functions for which this is possible for each ¢ = 1, ..., n and for which the derivatives are continuous

is indicated by C*(R™). The class C*(IR™) is defined as the class of functions for which all k-th order partial
derivatives exist and are continuous. We have C¥(R") C C*°(R") ¢ C*(R") C C™(R") forallm =0, ..., k.

Example 3.2.2. The first order partial derivatives are often collectively denoted using the gradient:

szzggji@m

relative to the basis {e1,...,e,}.

Example 3.2.3. The Laplacean is defined as
Af=divVf.
The divergence of a function g : R™ — R™, with components ¢ : R® — R, i = 1,...,n, is the function

n .
dg*

divg = —
g £ Ozt

so that

Al = ; Oxidxt’

Example 3.2.4. The infinitesimal limiting procedure for obtaining the Laplacean of a 2-dimensional image
f : R? — R using central differences reads as follows:

fle+hy) +f@y+h)—4f(zy) +fl@—hy + flz,y—h)
h—0 h?

You should extend this yourself to the n-dimensional case. Another useful exercise is to derive the central
difference infinitesimal limiting procedure for the action of the biharmonic operator, A? f () def A(Af(x)).

The simplest and most commonly used discretization scheme is obtained by dropping the operationally void lim-
operator in front of a suitably chosen discrete difference quotient, taking & in the order of the grid spacing. It is
important to realize that difference quotients that converge to the same limit may not be equivalent without the
infinitesimal lim-procedure. Central differences are often preferred for symmetry reasons.

Example 3.2.5. How to discretize a first order derivative, f’(x)? Dropping the lim-operator in Definition 3.2.1
and assuming that the grid constant equals 1 suggest the following definition:

fll@)~ fle+1) = f(a),
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in which we have set h = 1, the grid constant. If we wish to avoid the spatial bias we may instead apply Eq. (3.1),
but now we have a dilemma. If we set h = 1 while dropping the limiting procedure we get

FeN 1
@)~ S+ ) - fa-3),

which requires interpolation of each term, recall Section 1.3. Alternatively we may use the central difference
scheme obviating the need for interpolation by choosing h = 2:

fa+) = fa-1)

OB .

Note that the central value f(z) at 2 now plays no role. You should convince yourself that both options are in
fact equivalent if linear interpolation is used in the former case.

Figures 3.9 and 3.10 show the first order partial derivative in horizontal direction on an MR image.

Figure 3.9: Discrete correlation mask for computing first order derivative in horizontal direction. The coordinate
origin is in the middle.

Figure 3.10: Discrete first order derivative in horizontal direction computed with the correlation mask of Fig-
ure 3.9. From left to right: Original image with region of interest (ROI), enlargement of the ROI, discrete
derivative in horizontal direction of ROI (middle grey corresponds to value zero, black means negative, white
means positive), and its sign.

Discrete differentiation actually boils down to discrete correlation (or convolution). For instance, compare the
central difference scheme for the Laplacean A f(z,y) in two dimensions with Figures 3.3-3.5. It is left as an
exercise to find filter masks g1, g2, g3, g4, etc. that allow you to rewrite the discrete central difference schemes

for f'(x), f'(x), f"(x), f"(x), etc. in terms of correlations, (f * g1)(z), (f * g2)(x), (f * g3)(x), (f * g4)(2),
and so forth.
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3.2.2. Properties of Classical Differentiation

Returning to the continuous domain we can list a number of properties of differential operators. For simplicity
we consider K-valued functions of the type f € C°°(IR™), and use the shorthand notation

ef O ‘
c’)if(:c)d:faa‘;(x) (i=1,...,n).

Observation 3.2.1. The classical differential operator 0; : C*°(R") — C*(R") : f — 0,f satisfies the
following properties:

e 0; is a linear operator, recall Section 2.3:

Oi(Nf+pg) =X0if +pudig forall \,p €K, f,g € CP(R"),

e 0; satisfies the so-called Leibniz’ product rule:

0i(fg9)=0if g+ fOig forall f,g € C=(R").

Another important property concerns the behavior of partial derivative operators under minor perturbations. An
unpleasant surprise awaits us, as the following example illustrates.

Example 3.2.6. Let f : R — R be given by f(z) = esin(wx) with 0 < € < 1 and w > ¢~ L. This represents a
‘negligibly small signal’, meaning || f||o = € < 1. Since f’(z) = ew cos(wz), it follows that || f'||oc = ew > 1.

The example shows that a negligible amount of additive noise in an input signal randomizes the output under
classical differentiation. Rephrased in mathematical terms [15]:

Observation 3.2.2. Classical differentiation 0; : C*°(R™) — C*®°(R") : f — 0;f is ill-posed relative to the
| - ||loo-nOFm.

The example is not idiosyncratic, for in Chapter 4 we will see that virtually any function of practical interest
can be decomposed into a sum of sinusoids of various frequencies. In fact, when we represent an image
conceptually as a function f, we implicitly assume that this function has a finite measurement tolerance, so
that small perturbations of f—e.g. obtained by repeating the acquisition protocol under similar circumstances—
should be reckoned with. Therefore we must take into consideration the effect of noise whenever we process
the image. Thus when we subject an image f to some operator A, we should always make sure that A(f + §f)
is close to A(f) for a sufficiently small perturbation § f in some appropriate norm. That is, we should consider
only well-posed operators. Ill-posedness and well-posedness require us to specify norms for input and output
elements, for it is only relative to such norms that it makes sense to talk about ‘small’ perturbations.

Conclusion 3.2.1. Ill-posedness forces us to reject classical differentiation as a viable tool for analyzing images.

3.2.3. Towards a Well-Posed Alternative for Classical Differentiation

In order to arrive at a well-posed alternative for differential operators, the following examples are instructive.

Example 3.2.7. Let A : C°([0,1]) — K be the linear integral operator given by

A = [ fa)as.
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By default, let the input space C([0, 1]) be endowed with the || . ||oo-norm (sup-norm, cf. Section 2.2.3), and the
output space K with the natural | . |-norm (absolute value). The following estimate reveals the well-posedness of
A relative to these norms:

1 1 1
AN =1 [ f@del < [ 1@l de < max £@)] [ do = max [7@)] = 1f]

(Verify each step in this sequence.) This shows that if we let the input function f tend to zero (as a function), in
the sense that || f||.c — 0 (i.e. as a number), then also the output A(f) will tend to zero, in the absolute sense of
|A(f)| — 0, so that we may conclude that the operator A is well-posed relative to the stated norms. The input
space may be extended to L*°([0, 1]).

In fact, this example can be generalized, as the following one shows.

Example 3.2.8. Again, let A : C°([0,1]) — K be the linear integral operator given by

1
A = [ raas.

Let the input space C°([0, 1]) now be endowed with the || . ||,-norm (p-norm, cf. Section 2.2.3), keeping the
output norm on K is as before. The following estimate reveals the well-posedness of A relative to these norms:

1 1 N
AN = I/O f(x) dx| S/O [f@)dz =[£Il < [ £llp [11llg = £ -

The equality marked by * makes use of the inclusion theorem, Theorem 2.2.6, which states that f € LP([0,1])
implies f € L([0, 1]). The inequality marked by x uses the Holder inequality, Theorem 2.2.4, with ¢ = p/(p—1),
by interpreting the integrand f as the product 1- f with constant function 1 : C%([0,1]) — K : 2 + 1. Note that
for each ¢ > 1 we have ||1||, = 1 in this example. The case p = oo is admissible and reproduces the previous
example. The case p = 1, or ¢ = oo, is admissible as well. The input space may be extended to LP([0, 1]). As a
result it is clear that if || f||, — 0, then also |A(f)| — 0, proving well-posedness of A.

This example may be generalized even further.

Example 3.2.9. Let A : L”([0, 1]) — K, with p > 1, be the linear integral operator given by

Mﬁ=£f@M@M,

with fixed ¢ € L%([0,1]), and ¢ satisfying the Holder condition 1/p + 1/q = 1. Then, again with the help of the
Holder inequality,

A = I/0 f(z) (x) da| S/O [f (@) ()| de = |[f olls <[ fllp 1llq -

Again, if || ||, — 0, then also |A(f)| — 0, once again proving well-posedness of A.

The above examples have in common that they are based on integral operators. As a final example we consider a
case that does not rely on integration.

Example 3.2.10. Let A : C°([0,1]) — K be the linear point evaluation operator given by
A(f) = f(a) forsomea € [0,1].
If || flloo — O, then |A(f)] — 0, since
JA(H)| = 1f(a)] < max |f(z)] = |/fll -

z€[0,1]

We conclude that A is well-posed relative to the (|| . ||oo, | - |)-norms.
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These examples make clear that the specification of domain, codomain, and associated norms, is important. For
if, in the last example, we would have replaced the input space by L'([0, 1]), then the limit || f|; — 0 does not
permit us to say anything about convergence of |A(f)|. In fact, you should be able to provide a counterexample
of well-posedness by constructing a sequence of functions f,,, n € N, such that lim,,_, ||f»]|1 = 0 while
|A(fn)| = |f1(a)| # 0 remains fixed for all n € N.

3.3. Distributional Differentiation

The core of ill-posedness of classical differentiation lies in its defining, physically void infinitesimal limiting
procedure. This is a conceptual problem in the continuous domain, but it induces related problems in the discrete
setting, such as lack of robustness against noise and strong dependency on the arbitrariness of digitization. One
should not want to implement ill-posed operators. In general, ill-posed problems are handled with the help of
some regularization procedure, rendering the regularized problem well-posed. One should appreciate, though,
that a ‘regularized problem’ is a different problem!

In the context of differentiation in particular, the problem of ill-posedness has been solved elegantly in the 1950’s
by the mathematician Laurent Schwartz [9, 24, 25], collecting various results established during the first half of
the twentieth century. Curiously it took several decades before his basically simple idea was appreciated by the
image processing community. We will give an introduction to his theory of tempered distributions below. This
theory has a clear interpretation in the context of image processing. (Mild adaptations of this theory exist, but all
are based on the same idea.)

Definition 3.3.1. The class .7 (R™) of smooth test functions of rapid decay, ¢ : R" — K, a.k.a. Schwartz
functions, is defined as follows:

pe SR f ¢eC®R™ and sup [2“Vgo(z)| < oo,
zeR”™

for all multi-indices o and 3.

Thus a Schwartz function is an infinitely differentiable function which is ‘essentially compact’, meaning that
it decays ‘rapidly’ towards infinity. In fact, rapid decay applies to any of its derivatives and means that decay
of function values towards zero is faster than any polynomial factor would be able to counteract. Instead of
‘polynomial factor’ we may read ‘function of polynomial growth’.

Definition 3.3.2. An almost everywhere defined function f : R™ — K is called a function of polynomial growth,
notation f € P (R™), if there exist constants ¢ > 0 and m > 0 such that | f(z)] < ¢ (1 + |z||2)™ for almost all
r e R™

In other words, a function of polynomial growth need not be itself a polynomial, but it is bounded from below
and from above by a polynomial, except possibly at a set of points of measure zero.

Example 3.3.1. Consider the following functions:

a. sinx,
1
b. ——
14 22’
c. exp(—|z|),
d. exp(—2?).
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Of these, only the last one belongs to .’ (R). The first one does not, because it does not tend to zero as x — +o0.
The second one does not, because its decay is not ‘sufficiently fast’, which can be seen by multiplying it with a
factor 22, which leads to a product function that does not decay towards zero as & — +o00. The third one does
not, because although its decay is sufficiently fast (recall lim, 4, ™ exp(—|z|) = 0 for all m € N), it is not
smooth, since it has no derivative at the origin. The last one fulfills all conditions of Definition 3.3.1.

The class of Schwartz functions constitutes a convolution algebra, recall Section 2.4.

Definition 3.3.3. The convolution product of two test functions ¢, € ./ (R™) is defined by

(6% 9)(2) /¢<y>w<x—y> dy.

Theorem 3.3.1. . (R™) constitutes a convolution algebra, i.e. for all ¢,1p € Z(R™) we have ¢ x ¢ € S (R™).

We now turn to the so-called topological dual of . (R™), notation .’/ (R™). To this end recall the definition of a
linear functional introduced in Section 2.3.

Definition 3.3.4. The topological dual 7' (R™) of 7 (R™) is the class of linear functionals T : /' (R") — K,
which are continuous®. The linear functionals T € .#'(R™) are called tempered distributions.

Thus ./ (R™) is also referred to as the class of tempered distributions. Without proof we state the following
result, which explains the attribute ‘tempered’.

Theorem 3.3.2. If T € .7/(R"), then there exist a constant ¢ > 0 and multi-indices «, 3 such that

IT'[¢]| < csup |[z*Vge(x)].
rER™

Two tempered distributions 77, T» € .&/(R™) are equal if and only if T [¢] = T5[¢] for all ¢ € S (R™), i.e. if
they yield the same response when exposed to an arbitrary collection of test functions. A tempered distribution
T € '(R™) is called positive if T'[¢] > 0 for all positive test functions ¢ € .%(R™). Of special interest are the
so-called regular tempered distributions.

Definition 3.3.5. The regular tempered distribution Ty € #'(R™) associated with a function of polynomial
growth, f € P(R™), is the tempered distribution

Tp: S(RY) — R:op— | flz)o(z)de.
R’VL

In other words, a regular tempered distribution is associated with a ‘function under the integral’. One may verify
that a regular tempered distribution as defined by Definition 3.3.5 is indeed a tempered distribution according
to Theorem 3.3.2. A regular tempered distribution 7' is often whimsically identified with the function f, even
though this correspondence is not without ambiguity.

Example 3.3.2. Consider the tempered distribution 7" : .(R) — R defined by

b
T[] = (D) (0 ) o ﬁ/ ¢(x)dx,

i.e. the average value of the test function ¢ on a finite interval [a,b] C R. This is in fact a regular tempered
distribution, since it can be written as T'[¢] = T'¢[¢], cf. Definition 3.3.5, with

def 1
flz) = EX[a,b](l’L

in which x(, ) is the indicator function on [a, b].

2The requirement of continuity is necessary in the context of co-dimensional vector spaces. Linear functionals on finite-dimensional
vector spaces are always continuous.
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Thus a function f of polynomial growth uniquely determines a regular tempered distribution 7'y. However, the
next example shows that a regular tempered distribution 7'y does not uniquely determine the function f.

Example 3.3.3. Consider the regular tempered distributions Ty, T, € .%*/(R"™), with f, g € Z(R™) such that

f(x) =g(x) forall z # 0, and f(0) # g(0).

Then although f # g we have

def def n

750 [ f@)ow)de = [ gle)o(@)do D T,[0] forall o€ (R
R7L n

since the value of f or g at a single point does not affect the integral. Consequently we must conclude that

Ty =T, € &' (R").

One can show that if f, g € &(R™) are such that f # g, but Ty = T}, then the associated functions f and g must
be equal almost everywhere, meaning f(x) = g(z) for all x € R™ except possibly for a set of exceptions a € R"
that has no effect on the defining integrals. A subset of such points is called a set of measure zero. This shows
that it is more natural to interpret the label f as an equivalence class of functions rather than a single function.
This allows us to remove ambiguity by redefining what we mean by saying that two functions f and g are equal.
Instead of defining f = g if and only if f(z) = g(x) for all x € R™ we say that f and g are equivalent (or,
members of the same equivalence class), notation f ~ g if and only if f(x) = g(x) for almost all x € R™.

The following example shows two functions that differ on a set of measure zero, and are thus to be regarded
equivalent.

Example 3.3.4. Consider the functions f1, fo : R — R, defined as follows:

0 ifzeR\Q

fi(x) =0 forallz € R, respectively fa(z)= { 1 ifzeQ.

Then f; ~ fo because [~°_(fa(z) — f1(z)) ¢(2) dz = O forall ¢ € .#(R). This is because the rational numbers
form a set of measure zero (no proof here). In classical sense the functions f; and f, are quite different, e.g. f1
is smooth, whereas f5 is everywhere discontinuous, and yet they coincide in distributional sense. In this case the
null function f; would be the most parsimonious representative of the equivalence class.

Definition 3.3.6. It is customary to write f = g instead of f ~ g for two equivalent functions of polynomial
growth, f,g € P(R™), associated with the regular tempered distributions Ty, T, € .’ (R").

Remember, though, that outside the context of distributions, functions are identified if and only if they agree in all
their arguments. In a way the strength of distribution theory lies in the many-to-one relationship between functions
and regular tempered distributions, because the latter ignores, so to speak, unobservable details. Functions, on
the other hand, need to be specified at an infinitesimal level of detail, which has no physical significance.

The space of tempered distributions is strictly larger than the space of regular tempered distributions, as the
following lemma shows.

Lemma 3.3.1. Let ¢ € ./ (R"™), and a € R™ any given point. Then
0 : S(R") — K : ¢ — ¢(a)
defines a tempered distribution, called the Dirac point distribution at point a € R™.

Lemma 3.3.2. Cf. Lemma 3.3.1 and Definition 3.3.5. The Dirac point distribution 6, € .’ (R™) is not a regular
tempered distribution.
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Proof. Suppose there exists a function f such that for all ¢ € . (R"),
¢la) = [ f(x)d(z)dx.
]R'n,

In particular, consider a test function that vanishes identically on the open ball B(a,¢) = {z € R" | ||z — a|| < &},
but is otherwise arbitrary, for arbitrarily small € > 0, in which case we have

0= /R"\B(a,a) f(z) ¢(z) dx,

showing that f must have its essential support confined to the region B(a, ). But € is arbitrary, implying supp f =
{a}, whence supp (f ¢) = {a}, contradicting a non-zero value of the first integral above.

Definition 3.3.7. In spite of Lemma 3.3.2 one tends to abuse the notation of Definition 3.3.5, writing any tem-
pered distribution T in the form T, even if no such function f € Z2(R"™) exists. In particular, the Dirac point
distribution d, is then associated with the ‘function under the integral’ 0,(x) = 6(z — a),

Sald] < | bu(z) d(x) dr = 4(a).

Rn

In turn this encourages the sloppiness of writing tempered distributions as if they were ordinary functions in all
cases, i.e. whether they are regular or not. The Dirac point distribution at the origin a = 0 is often simply written
as d, or as §(z) in function form. Notice, however, that §(x) = 0 for all  # 0, and that it is meaningless to ask
for the value §(0).

Definition 3.3.8. Regular tempered distributions corresponding to functions f, g, h, ... will henceforth be de-

noted by corresponding capitals F’ def T, G def T,,H def Th,. ..

So small f maps points and capital ' maps test functions.

Remark. One often declines to make a notational distinction between a function and its associated distribution.
Thus if we use the symbol f to denote either, it should be clear from the context whether it denotes a proper
function (prototype: f : R" — K, or f € Z(R")), or a distribution (prototype: f : #(R") — K, or
f e (R)).

The core of distribution theory is that we can define arbitrary derivatives of tempered distributions in a well-posed
way.

Definition 3.3.9. For any nonnegative multi-index « the derivative V. F € %' (R™) of a tempered distribution
F € ' (R™) is the tempered distribution defined by

VoF : S(RY) — K : ¢ (Vo F) [6] € FVig],

in which the transposed partial differential operator is given by V(I =(-1) lely,.

The reason for the minus signs is that in the subspace of regular tempered distributions T’y for which f is suffi-
ciently smooth, the above definition boils down to the classical definition of differentiation. This can be verified
by repeated partial integrations using the integral expression on the right hand side of Definition 3.3.5 and the
fact that f is smooth and of polynomial growth. For let f € C*°(R™) N ZZ(R™), then on the one hand we have
def

VaF[9] = FVig] = (-)I | f() Vad(e) de,

by Definition 3.3.9. On the other hand, since f is smooth, we may consider the regular tempered distribution
Ty, s associated with the function V,, f, i.e.

Vaf(2) 6@y de = (-0 | f(2) Vao(e)d,

Rn
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where the right hand side has been obtained from the left hand side by repeated partial integrations. Note that
all boundary terms that show up in this process vanish as a result of the rapid decay of the test function. Thus
each time we transfer a partial derivative from f to ¢ in the integrand we merely obtain a minus-sign. Comparing
the last two results we observe that the regular tempered distribution associated with the function V,, f is indeed
precisely V, F'. This explains why Definition 3.3.9 is the natural way to define V, F'. Of course, most functions
of interest are not differentiable, which is why the definition does not make use of derivatives of f, but uses a
detour via the test function space. After all, the test functions are infinitely differentiable by construction.

In particular, we can now differentiate our Dirac point distribution.

Result 3.3.1. Recall Definition 3.3.9. Let ¢ € ./(R™), a € R™ any given point, and « a multi-index. Then

Vaba : S(R") — K 1 ¢ Vid(a) = (-1)*V,e(a).

It can be shown that a distribution whose support is a single point is a finite linear combination of derivatives of
the Dirac distribution at that point.

Theorem 3.3.3. If F € ./(R") is a general point distribution, i.e. if supp F' = {a} for some point a € R", then
there exists an order m € Zg such that

F= Y cVada.

lal<m

A special case is m = 0 (such point distributions are also referred to as point measures), in which case we end
up a with single ‘spike’ J, at point a with a certain amplitude c¢y. Linear combinations of such spikes, one for
each grid point, may be used to model a discrete image on a continuous domain. This model is actually close to
common practice since raw images are stored by specifying the amplitudes associated with each grid point in a
file (the ‘raw data’). The grid itself can thus be identified with the linear combination of tempered distributions
0, at grid points a € Z" (the information of which is typically stored in the ‘header’ accompanying the raw data).

We have the following inclusions:
S (R") c L'R") c .7 (R"). (3.2)

In other words, ./ (R™) is a very large space, so in practice we may always model an image as a tempered distri-
bution. The test functions, . (R™), on the other hand, are quite restrictive. Because of their spatial confinement
and regularity properties they are suitable for representing filters. For future purposes we therefore decide upon
the following model once and for all.

Definition 3.3.10. A raw image f is a tempered distribution, a filter ¢ is a smooth function of rapid decay:
fe s (R") and ¢ 7 (R").

Here we have identified a function f with its tempered distribution F, recall the remark on page 51.

For simplicity, Latin symbols f, g, h,... (or I, G, H, . . ., cf. a previous remark) will henceforth be used to denote
images, whereas Greek symbols ¢, x, 1, . .. will be reserved for filters.

It is possible to define convolutions and correlations of distributions, most easily with the help of the somewhat
sloppy function notation for the distributions.

Definition 3.3.11. The convolution product of a tempered distribution f € ' (R™) with a test function ¢ €
7 (R™) is defined by

(f * 0)(x) % / F(w) élz — ) dy.

And we have indeed a kind of ‘closure’ property under convolution on ./ (R").
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Theorem 3.34. Forall f € &' (R"), ¢ € L (R"), we have f x ¢ € &' (R™).

Definition 3.3.12. The correlation product of a tempered distribution f € .'(R™) with a test function ¢ €
. (R™) is defined as

(f % 0)(x) % / F(y) by — ) dy.

Theorem 3.3.5. Forall f € ' (R"), ¢ € S (R™), we have f x ¢ € ' (R™).

In other words, if you filter an image by a (convolution or correlation) filter, the result is again an image. This is
by no means trivial, but follows from our choice of function spaces. These type of image in/image out procedures
are the subject of the field of image processing.

Convolution and correlation (Theorems 3.3.4 and 3.3.5) produces functions in C*°(R™) N Z(R™) C .&'(R"),
regardless of the (lack of) regularity of the input image f. The rule of thumb is that a convolution or corre-
lation product inherits the nicest regularity properties from each of its operands, thus in the case at hand co-
differentiability from the filter.

We may concatenate convolutions or correlations. The former adheres to the usual algebraic associativity rule. In
the latter case we have the following result.

Result 3.3.2. If f € .7/ (R") and ¢, ) € F(R™), then (f % ¢) x ) = f * (¢ % 1)).

Once again a convolution product emerges as the effective correlation filter corresponding to consecutive corre-
lations.

A general theorem useful in the context of convolution algebras follows from the Holder inequality (Theo-
rem 2.2.4 on Page 29).

Theorem 3.3.6 (Young Inequality). Let 1 < p,q < cowithl/p+1/q > 1, andlet f € LP(Q}), ¢ € LI(QY), then

1f 8l < [1fllplIllq

where % ==-+=-—-1

1
q

S AL

See e.g. Wheeden and Zygmund [31] for a proof. For further details on distribution theory, cf. [1, 3, 5, 9, 10, 11,
24,25, 30].

3.4. Scale Space Theory

3.4.1. Retrospective

In distributional sense a derivative of a function is only defined operationally by virtue of a class of suitable test
functions (‘duality’). This shift of paradigm has profound implications for image analysis:

e Flexibility: Test functions and their derivatives can be seen as filters for linear image processing (including
point sampling and differentiation). Moreover, these filters are not chained to a particular grid, but can be
specified prior to discretization. Thus differentiation and discretization have been decoupled unlike with
numerical differentiation in classical sense.
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e Robustness: Distributions are infinitely differentiable in a well-posed sense, with no no artificial restriction
to finite order or to smooth functions, which are physical non-entities. After all, differences between
various C* classes are ‘infinitesimal’, and cannot be revealed by finite resolution measurements. Thus
a C*_classification makes no sense in a theory of empirically obtained image functions. If an image is
differentiable in operationally well-defined terms, it must be infinitely differentiable.

Example 3.4.1. Suppose f : R — R is the discontinuous function defined by f(z) = sign (z). We cannot
differentiate this function in classical sense, nor even consider its zeroth order value at z = 0. This is peculiar,
as the discontinuity pertains to a single point, i.e. a set of measure zero, which should not cause any operational
restrictions ‘in real life’. Indeed, there is no problem in distributional sense.

You should find the distributional derivative of the function f in this example as an instructive exercise.

In conclusion, in the context of regular tempered distributions we must never assign significance to the value of
a function f at any isolated point x if this function is intended to represent a distribution. Since we have agreed
on modeling images as tempered distributions this means that it is meaningless to ask for the value of an image
at a point! Indeed, in practice one can only ask for a pixel value of a discrete image, which represents some
physical observable integrated over a finite spatial volume element rather than some infinitesimal point entity.
The structure of an image at sub-pixel scales is beyond our reach. Filters, on the other hand, are completely under
our control. Therefore we have chosen to model them as smooth functions of rapid decay for convenience. This
is also why we can take their (pen-and-paper) derivatives in classical sense. Since we are in possession of their
analytical expressions, the act of (classical) differentiation is exact, i.e. no approximations are involved, so the
problem of ill-posedness does not apply. In particular it does make sense to evaluate a test function at a single
point, as opposed to a distribution.

3.4.2. Scale Space

For practical purposes we would like to restrict the class of admissible filters to a proper subspace of .7 (R™).
However, if we would do this in an ad hoc fashion we are likely to violate the closure properties of Theorem 3.3.1,
Page 49, and Theorems 3.3.4 and 3.3.5, Page 53. Combined with Result 3.3.2, Page 53, it is clear that we must
look for a proper subset of . (R™) which is closed under convolution, i.e. if & C .’(R™) is such a subset, then
we must require that ¢ x ¢ € ® whenever ¢, € ®.

As a starting point, notice that the class of nonnegative Schwartz functions, is closed under convolution:
SR ={pc S[®") [$>0and§ 0} .

Without loss of generality we may restrict ourselves to filters ¢ € . (IR™), which have their ‘centre of gravity’
at the origin, i.e.

/ 2t o(x)de =0 (u=1,...,n), 3.3)

and which are normalized to unity in the sense that

¢(x)dx=1. (3.4)

R

Eq. (3.3) ensures that the filter is confined to the immediate neighborhood of the origin, so that it may act as a
linear probing device for extracting local samples. Eq. (3.4) allows us to interpret the filter as a local averaging
device, so that no artificial attenuation or amplification of signal will occur. A filter ¢ € . (R™) with these two
properties may be aptly called a zeroth order filter, and a sample of the form (f * ¢)(a) a zeroth order sample of
the image (at point @ € R").
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The class . T (R™) is still huge, so we need to further restrict the class of admissible zeroth order filters without
violating closure.

A typical thing that happens when you convolve two filters ¢ and @ is that the profile of ¢ * 1) changes relative
to that of each of the input filters (even if ¢ = ¢), and that it becomes broader. As an instructive example, you
may want to consider the filter® ¢o : R — R defined by ¢o(z) = 1if z € [—3, 3], and ¢o(z) = 0 otherwise,
compute ¢1 = ¢g * ¢, and P2 = P71 * Pg, and sketch their graphs.

Thus as soon as we admit some arbitrary filter profile we are likely to end up with an avalanche of profiles, which is
what we intended to avoid! This suggests that we should focus our attention on a single template ¢ € .+ (R"),
subject to the requirements of Eqs. (3.3-3.4), which retains its profile under autoconvolution. That is to say,
although the extent and amplitude of the generating filter may vary, its shape must be uniquely determined. This
self-similarity constraint is a very powerful constraint. In fact we immediately obtain the following result.

Theorem 3.4.1. The only isotropic filters within . (R™) that retain their shape under autoconvolution are the
normalized Gaussians:

¢o () ! e L2l ith o > 0
() = ———x exp |—= ith o .
V2 o2 Plm2 o "

In fact we have
bo * Or = @ Jgzi7z -

You should be able to verify that Eqs. (3.3-3.4) are satisfied for all ¢ > 0. (Hint: First show that this does not
depend on o > 0, so that we may take 0 = 1. Subsequently set n = 2 and integrate using polar coordinates.
Finally generalize the result to arbitrary n € N.) Cf. Figure 3.11 for an illustration. The parameter o € R™
determines the width of the Gaussian and is called the isotropic scale parameter.

Figure 3.11: Gaussian filter in two dimensions.

One often encounters the normalized Gaussians using a different scale parametrization, viz.

2
Ye(x) = \/4%" exp [ Hiy } with ¢ > 0. (3.5)

The autoconvolution property of Theorem 3.4.1 then takes the form

Y ¥ Yy = VPypy . (3.6)

Using this parametrization, the Gaussians v, (x) satisfy the following isotropic heat equation:

ou
= = Au. (3.7)

Note that the scale parameters of Theorem 3.4.1 and Eq. (3.5) are related by 2t = o2,

3Note that ¢ & .7 T (R), but this does not affect the essence of the argument, which applies to virtually any filter set.
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Theorem 3.4.1 (or Eq. (3.5)) yields the smallest filter class contained in . % (R™) that is closed under convo-
lution. In particular there exists no parameter-free filter in .%(R™) that is invariant under convolution, since
convolution always broadens the width of a function. The corresponding Gaussians depend on a single isotropic
scale parameter (o € RT, ort € R™), which controls their widths.

For the sake of completeness we state the result for a non-isotropic Gaussian (summation convention applies,
recall Page 6). If
DA(®) = e —— [ L g } (3.8)
Alx) = 7 eXp |—=z v x 5 .
V2r vdet A 2 a

in which A is a symmetric positive definite matrix. We have the following closure property:

OA* OM = OA4M - (3.9)

In the isotropic case we have A = ¢ I, in which I is the n x n identity matrix. We may need Eq. (3.8) to correct
for grid anisotropies. For instance, some tomographic acquisition protocols lead to differences between in-slice
(‘z—y’) and slice-to-slice (‘z’) resolutions. Eq. (3.8) is also of interest in the context of spatiotemporal images
(movies), since space and time must have their own physical scale parameter. Assuming isotropic space we then
have, in three spatial dimensions,

(o, 7 € RT).

oo oQq
oo g o
oqQq oo
N oo o

We have arrived at a special instance of Schwartz theory, referred to in the image literature as scale space the-
ory [6, 7, 13, 14, 17, 18, 19, 20, 21, 26, 27]. In scale space theory the class of admissible filters is given by
Theorem 3.4.1 (or, more generally, Eq. (3.8)), together with its derivatives.

Definition 3.4.1. The Gaussian family is the class of all normalized Gaussians, cf. Theorem 3.4.1, together with
all its derivatives. The vector space spanned by the Gaussian family will be denoted by 4 (R™). The vector space
spanned by the class of zeroth order Gaussians proper will be denoted by 4+ (R™).

We have 4(R™) C .(R") and 4T (R") C /T (R").

Consequently, an image is a linear functional from the linear space of filters spanned by the Gaussian family into
the real numbers. Informally speaking, an image is ‘what you are looking at’ using linear measurement probes
defined by (a linear combination of) integration filters from the Gaussian family.  Figures 3.12-3.13 show the
correlation product f * ¢, of a raw image f with a normalized Gaussian ¢, for increasing o.

Definition 3.4.2. The extended function u : R™ x RT — R given by u(x,0) = (f * ¢ )(x), or equivalently,
u(xz,0) = (f * ¢o)(x), is called the scale space representation of f. The domain of definition of w is called the
scale space domain.

Thus a scale space representation of a raw image is a representation intended to capture that image at a continuum
of scales. From the figure it can be seen that scale corresponds to inverse resolution. Increasing scale amounts to
lowering resolution. Compare this figure to Figure 1.3, Page 11 (in which resolution increases from left to right).
Lowering resolution in scale space sense proceeds in a more ‘graceful’ manner, and does not induce spurious
block artifacts.
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Figure 3.12: Zeroth order scale space representation of a two-dimensional slice from an MRI image. From left to
right: 0 = 1,2, 4, 8, 16 pixels. Notice how the image gradually simplifies. In reality any (physically reasonable)
scale level can be computed.

EEee

Figure 3.13: Zeroth order scale space representation of a two-dimensional slice from an MRI image. From left to
right: 0 = 1,2, 4, 8,16 pixels.

Using the fact that the scale space filter ¢(z,t) = ¢,_ /5;(z) satisfies the heat equation, recall Eq. (3.7), one
can prove the following theorem. (Chapter 4 will provide a technique to prove that the unique solution is indeed
given by the scale space representation u of f.)

Theorem 3.4.2. Let u : R® x Rt — R be the scale space representation of the raw image f : R* — R
according to Definition 3.4.2, with o = /2t. Then u satisfies the following initial value problem:

ou
{ 5 = Au (3.10)
u(z,0) = f(x).

A scale space representation is a zeroth order multi-resolution representation of the raw image data, i.e. it is
essentially a family of ‘copies’ of the raw image, ‘degraded’ by the blur induced by the finite measurement scale.
It can be extended to higher orders by differentiation.

Definition 3.4.3. Recall Definition 3.4.2. For nonnegative multi-index o the function Vou : R® x RT — R
given by Vou(z,0) = (=110l (f x Voo ) (2), or equivalently, V ou(z,0) = (f ¥ Vade) (), is called the scale
space derivative of f at scale o > 0.

Notice the minus sign in the correlation formula for odd orders, which stems directly from Definition 3.3.9, and
notice the absence of a minus sign in the convolution formula.

The autoconvolution property stated in Theorem 3.4.1, or Eq. (3.6), can be generalized as well.

Theorem 3.4.3. Let ¢, o € Y(R™), and «,  two n-dimensional nonnegative multi-indices. Using the scale
parametrization of Eq. (3.6) we have

va¢s * v6¢t = Va+,(3¢s+t .
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This theorem can be extended to the anisotropic case by replacing the scalar parameters s and ¢ by appropriate
matrices, recall Eq. (3.9).

Example 3.4.2. Figures 3.14 and 3.15 illustrate the filter profiles of the Gaussian family in two dimensions up
to third order at a fixed scale. Convolving an image with these filters produces corresponding derivatives of the
image at the scale of interest, cf. Figure 3.16.  Figures 3.12 and 3.13 show a few scale levels of the zeroth
order image. Moving ‘upward’ in scale space reveals a gradual simplification of image structure, not unlike
cartographic generalization applied to maps of increasing scales.

Figure 3.14: Members of the Gaussian family in two dimensions up to third order in Cartesian representation.
Order increases from top to bottom. Members of fixed order are displayed from left to right. Scale is the
same in all cases. Grey-values are scaled to full range. Top row: O-th order Gaussian, ¢(z,y). Second row:
1-st order Gaussian derivatives, ¢, (z,y), respectively ¢, (z,y). Third row: 2-nd order Gaussian derivatives,
G2 (2,Y), Oay(,y), respectively ¢, (x, y). Fourth row: 3-rd order Gaussian derivatives, ¢gq. (2, y), Gzay (T, ¥),
Gzyy (2, Y), respectively ¢y, (2, y).
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Figure 3.15: Same as Figure 3.14, now with the filters displayed by their graphs.

Figure 3.16: Derivatives according to the Gaussian scale space paradigm of the 256x256 MRI image of Figure 1.3,
Page 11, using the same ordering as in Figure 3.14 and 3.15. Scale in this example is 0 = 4 pixels.
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Example 3.4.3. Figure 3.17 shows a test image corresponding to the following ‘noise free’ function:

an={ 3 B2
’ 0 otherwise.

The actual discrete image was obtained by choosing a suitable radius » > 0, sampling the above function on
a regular, square grid, and adding a substantial amount of pixel-uncorrelated noise using a uniform probability
distribution over the range [—2,2]. Figure 3.18 shows a few scale levels from its scale space representation.
Notice how the original ‘noise free’ disk structure gradually emerges as scale increases. This is due to the fact
that the additive noise is a microscopic, pixel-scale phenomenon, albeit substantial in amplitude, whereas the disk
is macroscopic by construction.

Figure 3.17: Test image with region of interest and magnification of the latter. The bounding box marking the
region of interest on the left is not part of the image.

Figure 3.18: Zeroth order scale space representation of the test image of Figure 3.17. From left to right: o =
1,2,4,8,16 pixels. The top row shows the global image, the bottom row is a magnification of the region of
interest. Notice how the noise gradually disappears in a trade-off with resolution.

Example 3.4.4. Figure 3.19 shows the scale space representation of the test image’s gradient magnitude, i.e. the
scale space representation of the hypothetical zero-scale function

IV £l =\ f(w )2 + o, )2

Of course, this is just a formal expression, because f is not a differentiable function, and differentiation in this
classical sense has no operational significance. Figure 3.19 actually shows

IVu(z, v, o)l = \fus(2,y,0)2 + uy (2,5, 0)2,

for various 0 > 0. Again, as scale increases the fine-scale grey-level transitions induced by noise are de-
emphasized, and the coarse-scale boundary of the original disk gradually emerges.
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Note that ||Vul| in this example is not the scale space representation of ||V f|| in the sense of Definition 3.4.2.

(Why not?)

Figure 3.19: Scale space representation of the gradient magnitude of the test image of Figure 3.17. From left to
right: 0 = 1,2,4,8,16 pixels. The top row shows the global image, the bottom row is a magnification of the

region of interest. Notice how the grey-level transition at the boundary of the original disk becomes more and
more pronounced as scale increases.

3.4.3. Scale and the Correspondence Principle

It makes sense to have a free scale parameter for differentiation (including zeroth order). After all, what an image
locally looks like depends on the level of detail you are interested in, in other words, on resolution. If we use
pixel size as our unit of length, then choosing o = 1 amounts to resolving differential structure roughly at pixel
level. This may be undesirable in view of the arbitrariness of the image’s rendering. What you basically highlight
at this scale are the image’s grid details and rendering artifacts, which are typically heavily affected by noise. You
should interpret ‘noise’ generically as any more or less random, or at least unpredictable, grey-value fluctuation
caused by the act of discretization, quantization, and measurement uncertainties.

You should resist the temptation to actually take the limit 0 — 0. Nevertheless, the following lemma is of con-
ceptual importance, as it expresses a correspondence principle, relating classical differentiation to distributional
differentiation according to the Gaussian scale space paradigm.

Lemma 3.4.1. Letu : R® xRt — R be the scale space representation of a raw image f : R* — R according
to Definition 3.4.2, then u € C*°(R™ x R™"). Ifin addition f € C*°(R"), then

Vaof(z)= UILHO Vou(z,o),

for all multi-indices o of order || € N.

In other words, vanishing scale takes us back to classical differentiation. However, the smoothness assumption
on f is as unphysical as the zero-scale limit itself (recall that images are in general tempered distributions, which
need not be differentiable or even continuous), and worse, the ‘classical limit’ in Lemma 3.4.1 would return the
misery of ill-posedness that we set out to avoid.

From the above it is clear that the case that really interests us in practice is ¢ > 1. Note that there can be no a
priori preferred scale. In the absence of prior knowledge about image structure, any scale is as good as any other.
This forces us to treat all scales on equal foot, a principle known as scale invariance. Of course in practice scale
invariance holds only to the extent that we confine ourselves to physical scales actually captured by the image.
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It remains an outstanding challenge to exploit scale space theory in image analysis. Nevertheless, many more
or less ad hoc applications as well as feasibility studies do appear promising. The incorporation of finite scale
and the principle of scale invariance are a ‘sine qua non’ in the development of robust, grid independent image
processing and analysis applications.
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FOURIER
TRANSFORMATION

4.1. Background

One of the most prominent techniques for studying images is Fourier analysis, named after Joseph Fourier, who
introduced the basic idea (in a footnote...) in his ‘Théorie Analytique de la Chaleur’, originally published in
1822 [8]. Fourier analysis deals with two equivalent function representations, known as ‘spatial’ (or ‘temporal’,
depending on physical interpretation) and ‘frequency’ (or ‘Fourier’) representation. The mapping from spatial to
frequency representation and its inverse are known as the Fourier transform and the inverse Fourier transform,
respectively.

For our purposes it suffices to consider the so-called continuous' Fourier transform on . (R™), the class of filters,
respectively on its dual, ./ (R™), the class of images. Since in practice images are discrete, we will also need the
discrete Fourier transform. This type of transform effectively applies to any multi-dimensional digital function,
whether interpreted as an image or as a filter.

All Fourier transforms exploit the fact that any function can be decomposed into a linear combination (a sum or
an integral) of sinusoidal functions. The function spaces of interest are all (finite- or infinite-dimensional) vector
spaces, and in essence Fourier transformation boils down to a change of basis, recall Section 2.2. We won’t
elaborate on this linear algebraic interpretation in order to avoid complications inherent to infinite-dimensional
vector spaces, but instead concentrate on technique and interpretation.

IThe attribute ‘continuous’ pertains to the continuum nature of the spatial or temporal domain of definition. The transformation itself is
always continuous by construction.
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4.2. MATHEMATICAL PRELIMINARIES 4. FOURIER TRANSFORMATION
4.2. Mathematical Preliminaries

Before we can state the actual transforms let us recapitulate some basic trigonometry. The pivotal functions are the
trigonometric or sinusoidal functions, sin and cos. Since these are analytical functions they can be expressed—
indeed, defined if you wish—in terms of their convergent Taylor series:

o\

sinz = Z(Q(k;j-)l)‘xzkﬂ (z eR), 4.1)
k=0 ’
— (=DF o

cosr = Z o) ¥ (z €R). (4.2)
k=0

Both functions are bounded and oscillate between 1 with a 27-period. In this respect they seem to bear no
relation to the equally popular exponential function, exp, which, unlike the sinusoidal functions, has no upper
bound, is globally invertible, and is characterized by a rapid, monotonic increase. Since it is also analytical it can
again be defined in terms of its Taylor expansion:

[e.9]

1
expx = o ¥ (r €R). 4.3)
k=0 "

An important, perhaps not immediately obvious property of the exponential function is its separability:

exp(zr +y) =expz expy (z,y €ER). 4.4

Despite qualitative differences, the trigonometric functions and the exponential function are intimately related.
This becomes apparent once we extend the latter definition to the complex plane?:

o0 1
_ k
expz = k!z

k=0

(z€C). 4.5)

The separability property continues to hold for complex arguments. If we substitute a purely imaginary value
z = i, say, with § € R and 72 = —1, we can split the series expansion into real and imaginary parts, in which
we recognize the sinusoidal expansions, viz.

exp(if) = cos + isinf . (4.6)
(Convince yourself that this is indeed the case.) Alternatively we may write (check this):

0 —16
cosf = exp(i )+2exp( i )’ @7
10) — —if
sing — SPL0) —exp(Zif) (4.8)
24
The complex exponential representation, exp(¢6), is often preferred over its counterpart in terms of the real-
valued pair (cos 6,sin #), due to the nice properties of the exp-function. For instance, Eq. (4.6), applied to k6 for

k € Ninstead of 6, combined with the property

exp(kz) = (exp(2))" | (4.9)

and Newton’s binomium, allows you to express cos(k6) and sin(k6) in terms of cos § and sin 6.

Thus the sinusoidal functions show up as the real and imaginary parts of the exponential function on the imaginary
axis. More generally, if z = x + iy, with 2,y € R, then we obtain

exp(x + iy) = expx (cosy + isiny) .

2 Although this is not at all obvious from the defining series, we will take it for granted that exp z = e, in which e ~ 2.71828 is a
famous constant, and we will use both notations interchangeably.
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4.3. The Fourier Transform on a Continuous Domain

4.3.1. Some Conceptual Issues

Two function spaces are of special interest: .(R™), the class of admissible filters, and ./ (R™), the class of
admissible images. Both spaces are closed under Fourier transformation. This means that a Fourier transformed
filter is again an admissible filter, and a Fourier transformed image is again an admissible image. Most function
spaces encountered in the image literature are inconsistent in this respect, with the notable exception of the space
L?(R™), which is isomorphic to its own dual (i.e. may simultaneously model filters and images), and is likewise
closed under Fourier transformation.

In fact, L?(R™) is a so-called Hilbert space. As such it plays an important role in quantum physics, which
has analogies with image analysis to the extent that the observer participates in (and thereby determines) the
observation. In quantum physics the observables are wave functions representing either a detecting device (cf. a
filter) or a source field (cf. a raw image). In particular, linear interactions between detecting devices ¢ € L? (R™)
and source fields f € L2?(R™) are expressed by inner products (f|¢), which is similar to the way an image
f e (R") and afilter ¢ € .(R™) conspire to produce a number T [¢] in a distributional model.

The interchangeability of source fields and detecting devices in quantum physics, reflected in the isomorphism
between a Hilbert space and its dual, has no counterpart in our distribution-theoretical image/filter model. The
paradigmatic difference is that, in image analysis, one typically designs filters according to some axiomatic
principle, thereby imposing strong regularity constraints (although one could imagine filter profiles as complex
as any potential image). Raw images, on the other hand, are empirically determined. Thus it makes little sense to
impose regularity constraints, for (if this requires interventions altering the data, think of ‘smoothing’) this would
amount to ‘tampering with the evidence’. Thus there is a natural distinction between filters (probing devices) and
images (physical evidence), which is manifest in a distribution-theoretical model.

The closure property of filter and image spaces under Fourier transformation, together with the one-to-one nature
of the Fourier transform, implies that to every spatial filter we can associate a unique Fourier filter, and vice versa.
Likewise, every spatial image has a unique Fourier image, vice versa. Closure guarantees that both filter as well
as image model apply equally well to either domain. As a counterexample, suppose we would define an image to
be a function of the type f € L*(IR™), which does not seem unreasonable at first glance. Then we will have to live
with the discrepancy that its Fourier transform lives in a completely different space, viz. f € C(R™) N L°(R™).
In other words, either we accept that a Fourier image is not (necessarily) an image, or we decide upon two distinct
definitions, one for spatial images and one for Fourier images, and explicitly specify which one we are dealing
with throughout. A similar argument applies to filters. It is clear that it greatly simplifies our discussion to insist
on Fourier closure.

Pragmatic people may perhaps find these considerations philosophical niggling, since in practice there exists only
one operational type of function space. After all, discrete filters and images are invariably bounded functions on
a compact subset of Z™. But this does not take away the fact that filters and images play entirely different roles
in image analysis, nor that one may want to abstract from grid details by considering continuum representations.
These conceptual considerations are reflected in our axioms.

4.3.2. The Fourier Transform on .’ (R")

In this section we concentrate on the definition of the Fourier transform of admissible filters.

Definition 4.3.1. Fourier transformation is a continuous, linear, invertible mapping .7 : . (R") — Z(R") :
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def

o — g/b\ = F ¢, defined as follows:

o~

w) / T o) da

The attributes ‘continuous’ and ‘invertible’ require a rigorous proof. Instead, we concentrate on their interpreta-
tions. Continuity indicates that small filter perturbations d¢ € . (R™)—think of deviations from exact analytical
profiles in numerical approximations—will induce small perturbations 6(/5 (and likewise for the inverse, v.i.).
Without going into details of what we mean by ‘small’, suffice it to say that this is an obvious a priori require-
ment for any numerical implementation to stand a chance of being successful, for one will never be able to
implement a filter without some form of approximation, recall the discussion on ill-posedness. Invertibility tells
us that we can unambiguously retrieve the spatial representation of a filter given its Fourier representation. The
following conjecture tells us how. Again we refrain from a rigorous proof.

Conjecture 4.3.1. Cf. Definition 4.3.1. The inverse Fourier transformation is given by

1 iw-a 7
@) = oy [ € e o

Various alternative definitions are encountered in the literature. To appreciate how these are interrelated, consider
the following modification.

Definition 4.3.2. Recall Definition 4.3.1 and Conjecture 4.3.1. Setting (F(q.5)(¢)) (w) def b(g(aw), for fixed

a € R\{0}, b € RY, yields an alternative definition of the Fourier transform.:

def |a|"

(Zlan) () (w) < b/nefiaw'x ¢(x)dx  with inverse (ﬁ(;}b)(g)) () = @n)b /Rneiawm H(w) dw .

In an attempt to overcome the confusion that may arise as a consequence of the many different standards used in
the literature, let us adhere to the general (a, b)-convention.

Definition 4.3.3. See Definition 4.3.2. We shall sometimes write U instead of .F 4 v)(u) for the Fourier transform

of a function u in the general Fourier convention parametrised (implicitly) by (a,b) € R\{0} x R, with default
u=7 = y(l,l)'

Observation 4.3.1. See Definitions 4.3.2-4.3.3 for definitions. The forward and inverse Fourier transform are
formally related by the following reparametrization:

a = -—a
T R\{0} x Rt — R\{0} x R" : (a,b) — T (a,b) ¥ (’,1/) given by yo_ "
o 2mmy’

In other words:

-1
y(a,b) = 'gz.(a',b’) .

Note that the transformation .7 = .71 equals its own inverse, allowing us to ‘toggle’ between forward and
backward Fourier transforms.

Our choice (a,b) = (1,1) is fairly common in pure mathematics and systems engineering. The choice made
by Horn [16] in his monograph also agrees with ours. In their book, Gonzalez and Woods [12] use a definition
that corresponds to the case (a,b) = (2, 1), which is a common choice in signal processing. In the monograph
by Florack [6] the convention is (a,b) = (—1,1). Mathematica’s default setting is (a,b) = (—=1,1/v/27"). In
mathematical text books one often encounters the similar case (a,b) = (1,1/v/27 ). Some classical physics
books use (a,b) = (—1,1/(27)™). Cf. Table 4.1 for a summary. By using the (a, b)-convention all these cases
are covered, allowing us to translate all results from the literature on Fourier transforms directly to our default
convention.
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a b examples of references
+1 +1 our default, Horn [16]
-1 +1 Florack [6]
+27 +1 Gonzalez and Woods [12]

—2m +1

+1 1/vor”

—1  1/v/2r" Mathematica [32]
1 1/enn

S 1/(2mn

Table 4.1: Summary of Fourier conventions frequently encounterd in the literature, and some references.

Example 4.3.1. Mathematicians tend to prefer the convention (a,b) = (+1,1/ mn) The reason may be the
following. Since Fourier transformation is closed on . (R™), L?(R™), as well as on .’ (R™), we may concatenate
Fourier transformations when applied to a function from any of these classes. Let u be such a function, then,
writing ﬁ(za,b) instead of .F(, ) © F(a,p), 1-€. F(q,p) applied twice in succession, we have

F2, ()(x) = bﬁ” u(—z).

The choice (a*,b*) = (+1,1/y/27 ") appears to be such that the amplification factor becomes unity. (In L2(R™)
such a Fourier transformation is referred to as a unitary, i.e. norm-preserving transformation.) One readily ob-
serves that if we apply the transformation 2k times in succession, then

FC (W) (@) =u((-1)Fz) (keN).

In particular, .7 (Qa* b*) ‘mirrors’ the domain of the function to which it is applied, whereas .7, (4a* b+ reduces to the
identity operator.

Another advantage of Observation 4.3.1, besides its unifying potential, is that Fourier forward and backward
transformations can be implemented as a single algorithm.

Example 4.3.2. Mathematica’s built-in function FourierTransform (version 5.2) has an optional argument
for specifying the Fourier convention [32]. The default setting is FourierParameters—>{0, 1}. Its rela-
tion to Definitions 4.3.2—4.3.3 is as follows. If we take FourierParameters—->{«a, 8}, then we have in n
dimensions

a = —p

Inverting this system, we may solve for Mathematica’s parameters (c, 3) in terms of our (a, b), yielding
(o, B) = (1+ > log (Vb2/|al), —a).

In particular, our default convention (a,b) = (1, 1) should be specified as FourierParameters—>{1,-1}
in Mathematica, i.e. (o, 3) = (1, —1). Reversely, Mathematica’s default setting corresponds to our convention
(a,b) = (=1,1//27 "), recall Table 4.1. Observation 4.3.1 may be reformulated in terms of a mapping of the
Mathematica parameters (c, 3).

By definition the Fourier transform of a real-valued filter is, in general, complex-valued. You may readily verify
thatif ¢ € .(IR™) is even (or symmetric), i.e. if ¢(x) = ¢(—x) forall x € R™, then ¢ is real-valued. Likewise, if
¢ € L (R™) is odd (or antisymmetric), i.e. if ¢(z) = —¢(—x) for all z € R, then ¢ is purely imaginary-valued.
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Filters are infinitely differentiable functions, and one may wonder how the Fourier transformation of a filter
derivative is related to that of the filter itself.

Lemma 4.3.1. Let ¢ € S (R"™), and let $ € Z(R™) be its Fourier transform according to Definition 4.3.1.
Moreover, let P(c,V) = Ea,lalg & Ca Va be a k-th order linear partial derivative operator with constant coeffi-
cients cq, in which the sum extends over all multi-indices o of order |a| = 0, ..., k. Then we have

F (P(c,V) @) (w) = P(c,iw) (E(w) (weR™).

Proof. The basic observation underlying Lemma 4.3.1 is the fact that V,e™® = (iw)®e?, from which it
follows by linearity that P(c, V) e™® = P(c,iw)e™ . In the terminology of linear algebra this states that
the complex ‘planar wave’ function z + e’*—i.e. considered as a function of z with parameter w—is an
eigenfunction of the linear differential operator P(c, V) with eigenvalue P(c,iw). Using this, it follows that

1

P(e.V) () = o /]R P(e,V) e G(w) do = @ /R € Ple,iw) G(w) d

The first equality follows by Conjecture 4.3.1 after interchanging the order of differentiation and integration.

~

Inspection of the result, again with the help of Conjecture 4.3.1, shows that the function w — P(c, iw) ¢(w) is
the Fourier transform of  — P(c, V) ¢(z). O

Example 4.3.3. Let us consider a few simple cases for n = 1. According to Lemma 4.3.1 we have, for w € R,

d¢ .~
% _— =
F ()@ = wiw),
d*¢ 9
7(55) @ = i),
d3¢ g~
7 (55) @ = —ietd).
and so forth. The general one-dimensional scheme should now be obvious:
d¢ N
7 () @) = (5.

By linearity, if we substitute any linear combination of derivatives of ¢, we obtain a corresponding linear combi-
nation of the respective Fourier transforms.

In higher dimensions results are similar, only now we have a frequency vector w € R" rather than a scalar fre-
quency, let us write w = (w1, . ..,wy,). Also, we may now consider any linear combination of partial derivatives

with respect to any of the spatial coordinates z!, ..., z™.

Example 4.3.4. Recall Lemma 4.3.1, and suppose n = 2. Writing w = (wy,w,) in this case, Lemma 4.3.1
yields:

F <g(£> (w) = iw, o(w) (ca = 1if = (1,0), co = 0 otherwise,)
7 <62¢> @) = ~wwdw (ca = 1if = (1,1), cq = 0 otherwise,)
" )
7 <8gc8y2) (W) = —iwswyo(w) (ca = lifa = (1,2), co = 0 otherwise.)
The general rule for partial derivatives is now obvious:
ap+q¢ ) . N . ~
(a‘rpayq> (w) = (iwg)* (iwy)? p(w) (ca = 1ifa = (p,q), co = 0 otherwise.)
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Example 4.3.5. Linear combinations of partial derivatives map to corresponding linear combinations of their
Fourier transforms. As an example, consider the Laplacian A¢ of ¢. Fourier transformation yields
2 2
§<a¢ 0%

902 + 8y2> (w) = — (w2 —&—w;) $(w)

A special case of Lemma 4.3.1, illustrated in one and two dimensions in the previous examples, is worth remem-
bering, for the general case follows by linearity.

Result 4.3.1. Let ¢ € .7(R"™), and let b€ 7 (R™) be its Fourier transform according to Definition 4.3.1. Then
Sor integer orders k1, . .., ky, > 0 we have, forw = (w1,...,w,) € R",

gFit-tkn R
4 (W) (W) = (iw)* ... (iwn) ™ P(w).

Alternatively, using mult-index notation,

F (Vad) () = (i) $(w).

Lemma 4.3.1 and Result 4.3.1 may be generalized to account for the (a, b)-convention of Definition 4.3.2.

Example 4.3.6. The significance of fractional powers of differential operators is most clearly demonstrated in
Fourier space. As an example, consider the linear operator v/—A, in which A is the Laplacean operator. A
previous example has revealed that .7 (A¢) (w) = —||w||®2.Z(¢), so we may interpret the Laplacean operator
in Fourier space, formally written as % (A), as the multiplication operator (w — f(w)) — (w — —[lw[|2f(w)).
Then, by linearity, we have Z# (—A) = (w + f(w)) — (w — [lw||?f(w)). It appears reasonable to then define
F(/-A) = (W f(w)) = (w+ |lw||f(w)). This heuristic argument at the same time explains why the
Laplacean operator A is considered a ‘negative operator’.

4.3.3. The Fourier Transform on .’ (R")

In this section we concentrate on the definition of the Fourier transform of admissible images. We will allow
ourselves some sloppiness in manipulating formulas without rigorous justification, such as changing integration
order, writing and manipulating images as functions instead of proper distributions, etc. Accepting this level of
rigor, the Fourier transform and its inverse take the same form as before.

Definition 4.3.4. Fourier transformation is a continuous, linear, invertible mapping % : ./ (R") — ./(R") :

f— fd;f F f, defined as follows:

f(w) def /nefi‘*”” flz)dx.

Again we stress that the inverse Fourier transform follows unambiguously from the forward Fourier transform,
but defer the proof until later.

Conjecture 4.3.2. Cf. Definition 4.3.4. The inverse Fourier transformation is given by

1

@) = oy [ € Flo o

Similar alternative definitions apply as in Definition 4.3.2. Bear in mind that images are not defined point-wise,
but only by virtue of being ‘filterable’. In other words, functions like f and f should only be used ‘under the
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o~

integral’ together with an appropriate filter. Still, abuse of notation permits us to write things like f(w) and f(z),
even though such point evaluations make no sense. This should not cause any confusion as long as you realize
that you are in fact dealing with tempered distributions.

The attribute ‘continuous’ in Definition 4.3.4 is particularly important in this case in view of the fact that images
are measurements with intrinsically finite tolerances.

Example 4.3.7. Let i, : R — R : w > @y (w) = e~*%l, in which s > 0 is a positive constant. Then

us () / e ug(w) dw = = emslwiHivr g, — — (/ esHTw gy +/ e(msFiz)w dw> .

T on DY 2

—0 —o0 0
We have
0 ) 1 ] w=0 1
/ e(s—&—wz)w dw = [ : e(s+zx)w:| _ _
o S +1x s — 00 s +ix

Similarly,

0o ) 1 ) w——+00 1

/ e(fer'm)w dw = . e(*s+2m)w _ —,
0 —s+x w=0 s —x

so that we finally obtain

() 1 1 n 1 1 s

ug(r) = — - — | == .

) 2r \s+ix s—ix w2 + 2

That we obtain a real-valued solution is no coincidence. You should be able to figure out yourself how we might

have anticipated this. (Hint: u,(w) = Us(—w).)

As we have seen, the variety of images is significantly larger than that of filters (#/(R") is significantly larger
than . (R™)). In particular one may wonder what the Fourier transformation of the Dirac point distribution looks
like. This follows directly from Definition 4.3.4 by taking f(z) = 0(x).

Lemma 4.3.2. The Fourier transform of the Dirac point distribution at the origin, © — §(x), is a constant
function. In default Fourier convention we have

F () (w)=1.

Proof. Apply the definition of the Dirac point distribution®, Lemma 3.3.1, Page 50.

An equivalent lemma expresses the Fourier inverse formulation.

Lemma 4.3.3. The inverse Fourier transform of a constant function is proportional to the Dirac point distribution
at the origin, §(x). In default Fourier convention we have

F711) (z) = 6(z).
Note that the symbol 1 here actually stands for 1 : R" — R : w +— 1.

~

Proof. This is basically the hitherto unproven Conjecture 4.3.2, with f(w) = 1. o

Note that the lemma is equivalent to the following result, which is a useful one to remember, because it does not
depend on the particular Fourier convention:

/ e T duy = (2m)" 6(x) . (4.10)

3Note that e*“® is not a Schwartz function. Nevertheless, it is clear that the Dirac point distribution can be generalised to any function
space in which point evaluation makes sense.
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Both Lemma 4.3.3 and Eq. (4.10) express the fact that the Dirac point distribution can be thought of as a linear
superposition of ‘planar waves’ of all possible frequencies, all with the same amplitude.

You will encounter Eq. (4.10) in various disguises. Here is an example:
/ e T dp = (2m)" §(w) . (4.11)

Of course this is exactly the same equation as the previous one, with merely a change of symbols. In view of
our generalized Fourier convention, substitution of variables, y = |a|z in Eq. (4.11) yields the following useful
generalization:

Result 4.3.2. For fixed a € R\{0} we have / il Tar
R a

We refrain from a proof here. Note that Conjectures 4.3.1 and 4.3.2 can be proven using this result.

In the next section we concentrate on operational issues that will eventually lead us to the discrete Fourier trans-
form, and its inverse, in Section 4.5.

4.3.4. Algebraic Fourier Theorems

Recall Definitions 4.3.2-4.3.3. In the following theorems and results u; o : R® — Kand u; 2 : R" — Kare
suitably defined functions, meaning that all stipulated products and convolutions are well-defined and have well-
defined (inverse) Fourier transforms. (The ™ is inessential and merely indicates that the corresponding function is
to be interpreted as a function in Fourier space.)

Theorem 4.3.1 (Fourier Transform of a Function Product).

la|"

(2m) b

Flap)(Uruz) = Flapy(ur) * Fiap(u2) .

In particular, following our convention (a,b) = (1,1), we have

F (urug) = F(u1) * F(ug) .

(2m)"

This theorem explains the popularity of the Fourier convention in which (a, b) = (£27,1), or (a,b) = (£1,1/(27)™).

Proof. For notational convenience we set u = uqus and f(mb) (u) = @ in this proof. We have

u(w) defy, /n up () ug(z) e dy

Substituting the respective inverse Fourier transforms for u; o, i.e.

al™ 1 oz ~
u1,2($) = (|27T|)nb/’€mw u1,2(w) dw,

yields

. a1 aon o~ al™ 1 ia i~ Cinon
u(w) = b/ {(|27T|)” » e 1y (wr) dw1:| {(27r|)" 3 €' 2 g (we) dwy | e dx .
n Rn Rn
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We may rewrite this expression as

1 m 1 )
)= g L g Tt [o [ e | o

provided we are allowed to interchange the order of integrations. (We take this for granted.) We recognize the
innermost integral as a variant of Result 4.3.2. Thus we conclude that

~ al" ~ ~
u(w) = (2|7r|)” b / Uy (wy) e (w — wy) dwy
in other words,
- la|™ .~
u(w) = @m0 b (uy * ug) (w) .
The rest follows by inspection of this result. a

An immediate result of Theorem 4.3.1 is the following.

Theorem 4.3.2 (Fourier Transform of a Convolution Product).

1
Fap) (ur % u2) = 3 Fap) (u1) F(a,p) (u2) -
In particular, following our convention (a,b) = (1,1), we have

F (ug % ug) = F(up)F(uz) .

Proof. Set v1,2 = F(4,)(u1,2). Theorem 4.3.1 applied to the pair v; » states that

a// n
y(a’7b/)(vlv2) = (27‘()”1)/ (y(a/)b/)(’l)l) * y(a/’b/)(v2)> .

forall (¢/,0’) € R\{0} x R*. By Observation 4.3.1, Page 66, we may rewrite this as

_ /| _ -
Faty (Plan) P w2) = s (Faly (Fam ) * F(h) (P (v2))) = blun wa)
Application of .7, 1 to left and right hand sides completes the proof. O

Theorems 4.3.1-4.3.2 are powerful results that are often used in the analysis of linear shift invariant, i.e. convo-
lution systems. A diagrammatic representation of Theorem 4.3.1 is

(w1, u2) —_— Ul U2
Fon| [ (4.12)
a n
(Fla00), Faylu2)) —— G Foany (1) * Founy (1),
whereas that of Theorem 4.3.2 is
(Ul, Uz) E— UL * U
y(a,wl Ty@,lm (4.13)
1
(Flap) (U1), Fap)(uz) — 3 Fap)(U1) Flap)(uz) .

In each diagram the upper horizontal route expresses an algebraic operation in the spatial domain (ordinary
product, respectively convolution). The lower horizontal route expresses the equivalent operation in Fourier
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space. For each operation (moving from one corner in the diagram to another) there are always two distinct but
equivalent alternatives. Note that you may reverse the vertical arrows if you replace .7 () by % (;11)), vice versa.

The diagrams suggests how one could efficiently implement numerical schemes for convolution (either in the
spatial domain or in Fourier space), viz. by avoiding the convolution corner in the applicable diagram. After
all, convolution is a multi-local operation, whereas multiplication acts point-wise, which potentially saves us
a significant amount of computation time. Of course, the concomitant cost of the forward and inverse Fourier
transformations encountered along the detour one has to make in the diagram has to be taken into consideration
as well. Still, in certain cases this may be the most efficient way to compute a convolution product.

Other equivalent formulations of Theorem 4.3.1 and 4.3.2 are stated in the following results.

Result 4.3.3 (Fourier Transform of a Function Product in Fourier Space).

C1 e N ol g la|™ 1 e~
Zla @) F 0 2) = g Faiy (B T2)
In particular, following our convention (a,b) = (1,1), we have
- - 1 .
F YN u).F () = ) FH (T *1g) .
s n
Proof. This is basically Theorem 4.3.1, with u; » = ﬂ(zlb) (U1,2), and with ﬁ(zlb) applied to both sides. O

Result 4.3.4 (Fourier Transform of a Convolution Product in Fourier Space).

1 1

y(;,lb) (al) * f(;lb)(ﬂg) = g 9(;717) (ﬂlﬂg) .

In particular, following our convention (a,b) = (1,1), we have

F V() « FV (@) = Z (W) -

Proof. This is Theorem 4.3.2, subject to the same adaptation as in the proof of the previous result. a

Diagrams similar to Diagrams (4.12—4.13) can be constructed for the latter two results.

4.4. Intermezzo: Towards an Operational Definition

There are two unrealistic aspects of the previously discussed Fourier transform, viz. the assumption of infinite
function domain, and the assumption that this domain is a continuum rather than a discrete grid. In other words,
these Fourier models tacitly assume that there are no limiting constraints on the possible scales involved. Scales
range from infinitesimal (implicit in the continuum assumption) to infinity (due to infinite support).

Recall furthermore that the filter and image spaces have been carefully selected so as to meet certain consistency
demands, such as the requirement of closure under convolution and Fourier transformation. Thus we cannot sim-
ply truncate and discretize the Fourier model just like that and expect it still to satisfy the same basic consistency
demands. Instead, we have to investigate carefully what happens if we truncate and discretize our model.

Instead of maintaining the conceptual difference between filters and images throughout, it will simplify our dis-
cussion to handle these collectively as ‘suitably defined’ functions. The reason for this is that, unlike previously,
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realistic representations of both filters as well as images on a finite grid will constitute finite vector spaces iso-
morphic to some KV (typically for very large number of pixels, N € N). Recall that images live in the space
dual to that of the filters. The mathematical justification for handling discrete filters and images on the same foot
is the fact that the topological dual of a finite-dimensional vector space is isomorphic to the vector space itself.

We proceed as follows. We adhere to the established Fourier paradigm throughout. In Section 4.4.1, however,
we consider its implications when applied to filters and images of finite size*. The spatial domain of definition
will still be considered a continuum though. We will see that this does not lead to a consistent theory (Fourier
transformation will take us out of our defining function space), but on the fly we establish some useful results.

Subsequently we impose the constraint that the images are defined on a discrete grid in Section 4.4.2, but now we
disregard the effect of truncation. Again it will become apparent that we have to sacrifice consistency, although
results as such will be instructive.

In Sections 4.4.3 and 4.4.4 we exploit the analogies between forward and inverse Fourier transforms in com-
bination with previous results in order to understand the effects of truncation, respectively discretization in the
frequency domain.

We combine both constraints in Section 4.5. It will turn out that if both discretization as well as truncation are
taken into account, then not only do we obtain an operationally well-defined Fourier transform, but also restore
consistency! The resulting Fourier transform is known as the Discrete Fourier Transform, or DFT.

For simplicity we restrict ourselves to the one-dimensional case when discussing intermediate results in Sec-
tions 4.4.1-4.4.4.

4.4.1. Fourier Transformation on a Finite Spatial Domain

Recall Definitions 4.3.1, Page 65, and 4.3.4, Page 69, and Theorems 4.3.1, Page 66, and 4.3.2, Page 69. These also
apply to finite support functions, as long as they are within the respective function classes. Letu : [—-L/2,L/2] —
K be such a function. Then in the general Fourier convention of Definition 4.3.2 we have

L2

Flap)(u)(w) =b u(z) e dy (4.14)
—L/2

To understand the impact of a finite integration interval on the Fourier representation of a function, we could
make the following assumption.

Assumption 4.4.1. A finite support function ug : [—L/2,L/2] — K is a windowed version of an infinite
support function, u : R — K, say:

def
uo(r) = u() X[—1/2,0./2](T) s

in which X[ /2,1 /2] is the indicator function on the interval [—L/2, L/2].

The subscript reminds us of the ‘zero-padding’ outside the original, finite domain of definition. Thus

def [ u(x) ifxe[-L/2,L/2],
uo(z) = { 0 otherwise. @15

4In ./ (R™) this can be accomplished simply by multiplication of the image with a suitable characteristic function of compact support,
in .7 (R™) this requires a more subtle procedure using smooth ‘bump functions’ instead. The details are beyond our scope.
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Another choice that is of interest for reasons yet to be discussed is the following. The entier of a real number
x € R, notation |z |, denotes the largest integer ¢ smaller than or equal to . In other words, |z] =i € Zifi < x
but ¢ + 1 > z. With this definition we introduce

of [ u(z) if v € [~L/2,L/2),
up() { w(zx — kL) ifx & [~L/2,L/2], and k = |(z + L/2)/L]. (4.16)

Thus u, is a periodic replication of ug outside the interval [—L/2, L/2] with period L, whence the mnemonic
subscript. Note that by virtue of the definition of k € Z, x — kL € [—L/2, L/2], thus uo(z — kL) is well-defined.

In summary, we can always write the extended function as uw = ug + u1, i.e. the sum of a nontrivial, zero-padded
function ug, and a function u; that vanishes on the interval of interest, but is otherwise arbitrary. In the case of
zero-padding we have u; = 0, and in the case of periodic replication, u; = wu, — uo.

Of course u¢ and u,, are entirely different functions and therefore they have different Fourier transforms, as does
any alternative extension. Somehow, the relevant information they convey is the same, and so we must take the
differences of their Fourier transforms with a grain of salt, and figure out what the effects of the respective domain
extensions are on the Fourier representations. This will tell us how the relevant spatial information (i.e. the spatial
information actually contained in the finite support image) manifests itself in Fourier space, and how it can be
segregated from the irrelevant information that merely expresses the effect of the arbitrary domain extension (in
particular zero-padding or periodic replication).

4.4.1.1 The Effect of Zero-Padding in the Spatial Domain

The effect of zero-padding follows from Theorems 4.3.1 and 4.3.2 or Results 4.3.3 and 4.3.4. Since a zero-padded
one-dimensional function can be written as a product of an arbitrarily extended function and the characteristic
function on the support interval, x[_1,/2,1,/2]> We can use Theorem 4.3.1 to compute its Fourier transform. Ac-
cording to the theorem the Fourier transform of ug = w X[—r/2,1,/2] i$ a convolution product in Fourier space.

Definition 4.4.1. The function sinc is defined as

sinxr .
sinc z % T ffz#0
1 ife=0.

(Note that lim,__,q sinc x = 1, so the sinc function is actually continuous.)

Theorem 4.4.1. The Fourier transform of a compact support function ug = u X[ /2,1,/2) is given by

Flap) (uo)(w) = omh (Fap) (W) * Fap)(Xi—1/2,0/2)) (W),
with
P . awl
Flab)(X[-L)2,0/2)) (W) = b Lsinc - -
Proof. The proof is left as an exercise. a

Apparently the Fourier transform of the indicator function on a finite interval is, unlike the indicator function
itself, not a compact support function. Figure 4.1 shows the graph of the sinc-function in Theorem 4.4.1 for
several interval widths L. Note that its zero-crossings are found at discrete frequencies

e of 2
Wi def kwy for k € Z\{0}, and ground frequency w; def é . 4.17)
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Figure 4.1: The function X[_1 /2 1,/2)(w) = Lsinc (wL/2) for various interval widths. From left to right: L =
1, 2,4, 8. Graphs have been scaled: Their peaks have (increasing) magnitudes L = 1,2, 4, 8.

Clearly we have

lim wuo(z) = u(z),
L—o00

or, put differently,
lim x[—r/2,0/9(2) =1,

L—o0
for all z € R. In which form does this limiting behavior manifest itself in the Fourier domain? According to
Definition 4.3.4 and Result 4.3.2 the Fourier transform of the above spatial limiting function is proportional to
the Dirac point distribution, viz.

F(ab) (Lh_r)nooX[—L/zL/Z]) (W) = F(ap) (1) (W) = %f) 6(w)
By virtue of continuity of Fourier transformation this is also equal to
lim  F(qp) (X[,L/Q,L/Q]) (w) = lim bsinc <awL> : (4.18)
L seo L—so0 2
In other words,
th1mbsinc (CLLSL) = %:f) d(w) . (4.19)

The latter identity expresses the theoretical limit of what can basically be observed in Figure 4.1. Whereas the
indicator function evolves towards a constant function as L. — oo, its Fourier transform develops into a spike at
the origin. Indeed, the Fourier transform in Theorem 4.4.1 has the following limit:

lim F (o) @) = tim % (Fany () ¢ Flany (- 12,002) () = (Flap (0)28)(@) = Fa () ).
In the second step we have tacitly assumed that it is allowed to take the lim-operator inside the convolution
integral, and used Eqgs. (4.18-4.19).

In summary, Theorem 4.4.1 leads us to conclude that the Fourier transform of a zero-padded function equals
the Fourier transform of an arbitrarily extended, not necessarily compactly supported function, ‘blurred’ with
a sinc-function, the width of which is inversely proportional to the size of the support interval. Thus the phys-
ical constraint of a finite spatial scope manifests itself as blurring in the frequency domain. More precisely,
neighbouring frequencies separated by a distance
27

|Aw| < fall’ (4.20)
in Fourier space, i.e. half the distance between the innermost zero-crossings of the sinc-function, cf. Figure 4.1
and Theorem 4.4.1, are ‘smeared out’ in Fourier space and cannot be resolved. The right hand side of Eq. (4.20)
is a measure of the frequency blur induced by the spatial cut-off stipulated in Assumption 4.4.1 or Eq. (4.15).
Note that this frequency blur equals the ground frequency defined in Eq. (4.17).

For n-dimensional images on a rectangular domain results are similar. As a rule of thumb one may replace w and
L by the respective components w; and L; in each perpendicular direction¢ =1, ..., n.
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Similar arguments can be given for zero-padding in the Fourier domain. In the spatial domain this will be reflected
in a spatial convolution of the original signal with a convolution filter with a sinc-profile. In this case spatial blur
will occur, inversely proportional to the frequency interval width. Details are given in Section 4.4.3.1.

4.4.1.2 The Effect of Periodic Replication in the Spatial Domain

Periodic replication is another way of extending the domain of definition of a finite support image. Again we
restrict our attention to one-dimensional signals for the sake of argument. We are interested in the effect of
periodic replication, particularly in comparison with that of zero-padding as discussed in the previous paragraph.

Our point of departure is Eq. (4.16). Fourier transformation yields

Fap) (up) (W) = b / () €= d.

Since up(x) = up(x + kL) forall k € Z and all € R, we may rewrite this as

L/2

Flap) (Up)(w) = Zb/ up(x)e—iaw(w—kL) dr

wez J-L/2
L/2

— b/ Up(l‘) e—iawx dr Z eiaka

—L/2 kezZ
o . .

_ b/ Uo(x) e lawz .. E 6zaka
—° keZ

= Flap(ug)(w) e (4.21)
kEZ

In the last steps we encounter the zero-padded function, Eq. (4.15), again. The final step is to evaluate the infinite
sum on the right. We present the essential fact as a lemma, and only give a sketch of the proof.

Lemma 4.4.1 (Poisson Summation Formula).

Z ekt — 27TZ(5($ —27k).

kEZ keZ

Proof. Recall Theorem 2.2.3 on Page 26. Here we actually have N = oco. The inner product space of interest
is L2([—m,7]), i.e. the class of square-integrable functions on a finite interval, endowed with the usual inner
product, Eq. (2.10), with the integration interval [0, 1] replaced by [—m, 7). The complex exponential functions
constitute a countable orthonormal basis in the following sense. Set

def 1 ikx

er(z) = e © kezZ,

then for &, € Z we have

1 T 1 T
= — /L(l_k;)a: = 1 —_ = 1 = — =
(erler) o / e de =sinc ((I —k)m) =0 ifk#1[,and (eglex) o / de=1.

- -7

Thus the set {ey }rez is indeed orthonormal. We refer to the mathematical literature on Hilbert space theory
for a proof that it actually constitutes a basis for L?([—m,7]). Let us take this for granted here, and apply
Theorem 2.2.3, Page 26, to an arbitrary element v € L?([—7,7]):

u= Z(ek\u) e .

kEZ
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In other words,

5o > [t

kEZ

(If u is continuous this equation holds point-wise, otherwise it relates L?([—, 7r])-equivalent functions.) Let us
now extend the domain of u to all of R in a suitable way. Then obviously we have for any m € Z

u(x + 2mm) = Z/ u(t + 2mm) e* @0 gt |

keZ

Summing this over all m € Z, assuming this sum exists, we obtain

Z u(z + 2mm) = ZZ/ u(t + 2mm) e* @8 gt

meZ mEZ keZ

The right hand side can be rewritten, after a change of variables s = ¢ 4+ 2m, and an interchange of summation
order, as

Z (J:+2m7r Z Z/ zk (z—s+2mm) ds = 27_[_ Z/ ik(xfs) ds .

meZ T kezmez “+2m" kez

T+2mm

In the last identity we have used the fact that e/>™ = 1 for any integer / € Z, allowing us to remove the m-

dependent term in the complex exponential. This is in fact Lemma 4.4.1 in disguise, for we can rewrite the left
hand side alternatively as

Z (z + 2mm) Z/ 0(x — s+ 2mm)ds.

meZ mez"”

Since this holds for all u, we may rewrite the identity of the right hand sides of the previous two equations in a
more abstract form, by setting { = x — s, as

D et =21 Y 5(¢ + 2mm).

kEZ mEZ
Relabelling m — —Fk on the right hand side completes the proof of Lemma 4.4.1. O
A thorough proof requires some mathematical scrutiny beyond our scope, but with the above outline we get the

gist of it. Lemma 4.4.1 can be viewed as a discrete counterpart of Egs. (4.10-4.11), involving discrete frequencies
only. Using this lemma together with Eq. (4.21) we arrive at the following conclusion.

Theorem 4.4.2. Let u;, : R — K be a periodic function with periodicity L, and uo = up X[-1/2,1/2], then

Flan) (Up) (@) = 27 F(a ) (u0)(w) Y 8(awL — 27k).
k€EZ

If desired you may rewrite the right hand side using

1
d(awl — 27k) = TalL ) (w - 2(;72) ) 4.22)

which can be verified by substitution of variables Az = y in an integral of the type [, d(Az — B) ¢(x) dz.
Theorem 4.4.2 establishes the relation between the Fourier transforms of a zero-padded function and its periodic

replication. It shows that a periodic function has a discrete Fourier spectrum. The relevant frequencies are
multiples of a ground frequency w1, i.e. wy = kw1, k € Z, with

def 2T

o 2 42
w1 lall (4.23)
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Compare this ground frequency to the most significant frequency interval of the sinc-function, and its zero-
crossings, recall Egs. (4.17) and (4.20).

In retrospection, we observe that the Fourier transforms of a zero-padded function ug and a periodically replicated
one, uy, even though they basically convey the same information, differ qualitatively. Whereas ug has a Fourier
transform with a continuous spectrum of frequencies, the Fourier transform of «,, admits only a discrete spectrum.
Still, despite these apparent differences, the frequency representations of 1o and w,, do have the same essential
characteristics. In some sense the frequency continuum of ug is ‘essentially discrete’, since it is of intrinsically
finite resolution, characterized by a frequency blur equal to the sampling frequency interval of the discrete spec-
trum of u,. Moreover, if we evaluate the Fourier amplitudes of ug on the same discrete frequency grid as for u,,
we observe that they agree up to an ‘infinite constant’ (‘ﬁ 0(0)’, cf. Theorem 4.4.2 and Eq. (4.22)).

4.4.2. Fourier Transformation on a Discrete Spatial Grid

In order to study the effect of discrete sampling without confounding it with that of a finite scope we consider a
digital signal in the form of an infinite discrete sequence.

Let the samples be given by ug(k) € K, with & € Z. In order to subject it to our previously established
Fourier transform we have to reformat it into the form u.(x) € K, with z € R. We could do this through
interpolation, recall Section 1.3. However, interpolation requires an ad hoc model, and would greatly complicate
the analysis. Instead, recall that the class .#/(R) of tempered distributions accommodates a huge variety of
‘generalized functions’, including discrete ones in the form of (linear combinations of derivatives of) the Dirac
distribution. This allows us to circumvent the arbitrariness of interpolation.

Definition 4.4.2. Let uyg : Z — K be a suitably defined discrete signal. Then its continuum representation is
defined as the function u. : R — K as follows:

() LN Z uq(k)6(x — kAz),
keZ
in which A is the sampling width.

(Recall the similar connection between discrete and continuum representations encountered in Theorem 4.4.2.)

The attribute ‘suitably defined’ pertains to a (very mild) constraint on the sample values, viz. such that the above
continuum representation is indeed a tempered distribution. Recall that it is customary to set Ax = 1 throughout,
but here we prefer to make the sampling width explicit for the sake of argument.

With Definition 4.4.2 we model a discrete signal as a signal defined on a continuum, with ‘spikes’ of various
relative amplitudes placed at the actual grid points. The relative amplitudes are just the actual discrete sample
values. Note that the absolute amplitudes are all infinite. This is not a problem, since an element of ./ (R) is not
intended to be read out point-wise, but is only defined by virtue of the fact that it produces a well-defined output
when exposed to a linear filter taken from the class of smooth, rapid decay functions, .7 (R).

Analyzing Definition 4.4.2 we conclude that, by virtue of the conventional factor Ax, the physical dimensions of
the signals u. and uy are the same, so discrete and continuum samples represent the same physical ‘stuff’. (In
the n-dimensional generalization we will need a factor Az ... Ax,.) A second reason for the factor Az is that
it allows us to identify

uq(k) def uc(xg)  with z, = kAx, (4.24)
and assign a function value u.(z) to any € R by the following hypothetical grid refinement procedure:
ue(x) ' Lm  lim uc(kAz) . (4.25)

Azrz—0 k—s 00

x=kAz fixed

79



4.4. INTERMEZZO: TOWARDS AN OPERATIONAL DEFINITION 4. FOURIER TRANSFORMATION

As indicated the joint limiting procedure is constrained by keeping x = kAx fixed. To see that this is a consistent
definition, take any test function ¢ € . (R), and consider

/ b ue(z) () dv = Az Y uq(k) p(kAz) = " uc(kAz) p(kAx) Az (4.26)

- kEZ kEZ

Note that, with the identification of Eq. (4.24), this identity is exact only for the particular signal of Defini-
tion 4.4.2. Eq. (4.24) guarantees that the limiting case, Eq. (4.25), is consistent with our definition of a continuous
integral via Riemann sums, Definition 3.1.1, for any signal u. € %' (R).

‘We now arrive at the main result of this section.

Theorem 4.4.3. Let ug : Z — Kand u. : R — K be given according to Definition 4.4.2. Then

Flap) (Ue) (W) =bAT Y ug(k) e *kar
ke

Proof. The Fourier transform of 6(z — kAz) is b [*°_e™"%" §(x — kAz) dz = be~® 22, The rest follows,
assuming it is allowed to interchange the order of summation and Fourier transformation. |

Theorem 4.4.3 shows that the Fourier transform of a discrete signal is a periodic function. The period equals

def 2m

Notice the similarity in form between this period 2; and the ground frequency w; in Eq. (4.23). The grid constant
Az now formally takes over the role of the signal’s scope L. This is not a coincidence, but a result of the analogy
that exists between the Fourier transform and its inverse. Recall from Theorem 4.4.2 that a periodic function has
a discrete Fourier spectrum. Due to the analogy the reverse also holds: A discrete function has a periodic Fourier
transform. This implies that all frequency information is contained in the frequency interval [—2; /2, /2]. In
analogy to our treatment of spatial replication versus truncation by spatial zero-padding we may want to compare
the result of Theorem 4.4.3, which pertains to a periodically replicated Fourier transform, to that in which we
take out only the relevant portion of the frequency domain by zero-padding. By analogy we should expect to find
a sinc-convolved spatial signal defined for all z € R upon Fourier inversion, rather than a discrete signal. Let us
work out the details.

4.4.3. Inverse Fourier Transformation on a Finite Frequency Domain

In view of the analogies with the theory presented in Section 4.4.1 we will only briefly discuss the effect of
limited scope in Fourier space. Again we do this by considering the two possible options for linking this case
to the theory established for an unbounded domain, viz. zero-padding and periodic replication. To this end we
define the following functions in the Fourier domain:

ot 50 e[ oo
" (@) —9/2.9/2
~ e u(w ifwe[-0Q/2,Q/2],

() = { Uw— k) ifwd [-Q/2,0/2], and k = |(w + Q/2)/9). (4.29)

The tilde on top of the functions serves to remind you of the fact that we are working in the Fourier domain. The
subscripts are self-explanatory.
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4.4.3.1 The Effect of Zero-Padding in the Frequency Domain

Recall Theorems 4.3.1 and 4.3.2 and Results 4.3.3 and 4.3.4

Result 4.4.1. The inverse Fourier transform of a compact support function ug = U X[—q/2,0/2), in Which U is an
arbitrarily extended function in the frequency domain, is given by

y(;lb) (Uo)(z) =b (y(;,lb) (u) * y(;lb) (X[—Q/2,Q/2])) (),

with ’
- a . aflx
ﬁ(a,lb) (X[—0/2,0/2))(z) = ol Q) sinc (2> ,

Proof. One can prove Result 4.4.1 by brute force, as was done for Theorem 4.4.1. This goes as follows.

—1 |a" > iawT ‘a| /2 iawT |CL| : aflx
Z () X[—0/2,0/2) (%) = b /_Oo " X—a/2,0/2) (W) dw = 21 | o) " dw = oy {Isinc - )

However, slick use of Observation 4.3.1 allows us to base the proof on the already established result of Theo-
rem 4.4.1:

1 X o ) a'Qx\ « |a| . . aQlx
g(mb)(X[*Q/Z,Q/Z])(w) = Flarwy (X[—a/2.0/2) () = b Qsinc < B) ) =9 Qsinc 5 /-

The identities marked with x make use of Observation 4.3.1, Page 66, the one marked with o exploits Theo-
rem 4.4.1. Note that this formal way of manipulating established results frees us from having to compute the
explicit (inverse) Fourier integral, which is a potentially hard problem. g

Looking at the spatial zero-crossings of the sinc -function above, the analogy of Eq. (4.17) on Page 75 becomes

e . of 2
o S kay forke Z\{0}, with =z, o % . (4.30)
a

Note the exclusion of £ = 0.

Result 4.4.1 answers the question we set out to solve in this section. Note that all results involve inverse Fourier
transforms, and that all proofs have been based on manipulating already established results involving forward
Fourier transforms, exploiting the symmetry captured by Observation 4.3.1 on Page 66.

A spatial function u that has a Fourier transform u = .7, 3 (u) with nontrivial values confined to a finite interval
is called band-limited. Theorem 4.4.1 tells us that a band-limited function equals the inverse Fourier trans-
form of an arbitrarily extended frequency function ‘blurred’ with a sinc-function, the width of which is inversely
proportional to the bandwidth, i.e. the size of the frequency support interval. Thus the physical constraint of
band-limitedness manifests itself as blurring in the spatial domain. More precisely, neighbouring spatial loca-

tions separated by a distance

2w
Az| < —— 4.31
IJJ\_MQ, (4.31)

in Fourier space, i.e. half the distance between the innermost zero-crossings of the sinc-function, cf. Theo-
rem 4.4.1, are ‘smeared out’ in space and cannot be resolved. The right hand side of Eq. (4.31) is a measure
of the spatial blur induced by the frequency cut-off stipulated in Eq. (4.28). Note the analogy with Eq. (4.20),
Page 76.

For n-dimensional images on a rectangular domain results are similar. As a rule of thumb one may replace x and
Q) by the respective components x; and €); in each perpendicular directioni = 1,...,n.
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Example 4.4.1. Define

1~ a . aQdx
up(z) = f(a’lb) (wo)(x) and sgpa(r) = 2‘77r|b ) sinc <2> .

Using Result 4.4.1 we observe that u, = up * 54,5 0, 1.€., Uy 1s invariant under blurring with the given sinc-filter.

4.4.3.2 The Effect of Periodic Replication in the Frequency Domain

To find the spatial function corresponding to the periodic Fourier function Eq. (4.29), recall Theorem 4.4.2,
Page 76.

Result 4.4.2. Let u, : R — K be a periodic function in the frequency domain with periodicity Q, and uy =
Up X[-0/2,0/2) then

g(i,lb)(ﬂp)(x) =2m ﬁ(;}b)(ﬂo)(w) gé(axQ —2rk).

Proof. Combine Theorem 4.4.2 with Fourier parameters (a’,b’) and Observation 4.3.1, Page 66. O

Result 4.4.2 establishes the relation between the spatial representations of a periodically replicated and a zero-
padded frequency function. It shows that a periodic frequency function has a discrete spatial representation. The
spatial grid points are multiples of a sampling width x4, i.e.

def 2m

rr =kxy with 27 = m (kez). (4.32)

Compare this sampling width to the zero-crossings of the sinc-function, Eq. (4.30), and to the induced spatial blur
given by the width of its central mode, Eq. (4.31).

Again it seems as if the spatial representations corresponding to a compact Fourier function and a periodic one
are quite different qualitatively, suggesting that it is of crucial importance how one imagines the Fourier function
to be continued beyond its finite borders. But again this is a misconception, for although the spatial representation
of the former is defined on a continuous domain, it is characterized by an amount of intrinsic spatial blur roughly
equal to the sampling width of the discrete spatial representation of the latter. Both spatial representations have
equal spatial resolution, and their values on the aforementioned discrete grid are equal up to an infinite constant.
Therefore they convey the same number of essential spatial degrees of freedom with equal information content.
The spatial continuum of .7 ~! (g )(z) is ‘essentially discrete’, so to speak, and thus not so much different from
the discrete grid of .% ~1(w,)(z) after all.

4.4.3.3 Sampling Theorem and Nyquist Frequency

We return to a remark made in Section 4.4.3.1 concerning the spatial representation of a band-limited function.
If in Result 4.4.1 on Page 81 we insert the particular choice & = wu,, in which w, is a periodic function in the
frequency domain with period €2, we obtain the following result.

Result 4.4.3 (Sampling Theorem). Let g = u X[—q/2,0/2] be the Fourier transform of a band-limited function

up:R—K ie up(zr) = ﬁ(;’lb) (uo)(x), then

up(@) =Y up (%) sinc ('“',f”f - m) |

kEZ
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This result states that, although it is defined for all x € R, a band-limited function is completely determined by
its values on a discrete grid. The grid points are precisely those given by Eq. (4.30). The cut-off frequency (i.e.
the size of the frequency window divided by two) is also known as the Nyquist frequency.

Proof. Take © = w,, in Result 4.4.1, in which %, is a periodic function in the frequency domain with periodicity

Q:
y(;,lb)(aO)(x) =b (ﬁ'(;}b)(ﬁp) * y(;,lb)(X[fQ/z,Q/Z])) (37)
Recall that combining Theorem 4.4.2 and Observation 4.3.1, Page 66, led to the conclusion (Result 4.4.2) that
F oy @) (@) = 21 F ), (W) () k% §(axQ — 27k) .
€
Furthermore we have

—1 |al . aflx
ﬁ(a,b) (X[-a/2,0/2)(7) = 50 Q sinc (2> .

Using these expressions and working out the convolution product (interchanging the order of summation and
integration), and setting up = ﬁ’(glb) (o), establishes Result 4.4.3. O

4.4.4. Inverse Fourier Transformation on a Discrete Frequency Grid

Finally we arrive at the analogue of Section 4.4.2 for a discrete signal in Fourier space. To this end we can
duplicate Definition 4.4.2, Page 79, and simply substitute (z, Ax) +— (w, Aw), and (ug, ue) — (U, Ue).

Definition 4.4.3. Let uy : Z — K be a suitably defined discrete signal in frequency space. Then its continuum
representation is defined as the function u. : R — K as follows:

Te(w) € Aw Y a(k) d(w — kAw),
kEZ

in which Aw is the frequency sampling width.

Likewise, the counterpart of Theorem 4.4.3 on Page 80 is found by the procedure of using Observation 4.3.1 on
Page 66.

Result 4.4.4. Let uy : Z — K and u. : R — K be given according to Definition 4.4.3. Then

F iy ) (@) = o= Aw Y " ig(k) e *7FA

You should be able to provide the details of the proof as suggested.

Result 4.4.4 confirms what we should already have expected, viz. that the inverse Fourier transform of a discrete
signal in frequency space is a periodic function. The spatial period is given by

def 2

PN

Cf. Theorem 4.4.3, Page 80, and the comments following its proof, in particular Eq. (4.27). Again we observe
a spatiofrequency trade-off: The finer the frequency sampling, the longer the spatial period. The product of
frequency sampling width and spatial period is a fixed, dimensionless constant. Note also the analogy with
Eq. (4.32) on Page 82.

83



4.5. THE DISCRETE FOURIER TRANSFORM 4. FOURIER TRANSFORMATION
4.5. The Discrete Fourier Transform

Let us summarize what we have achieved sofar. In Section 4.3 we have introduced the Fourier transform and its
inverse for functions defined on an unbounded, continuous domain. In the various subsections of Section 4.4 we
have worked out the implications of truncating or discretizing the function domain, but we have not yet combined
these two operations. This is what this section intends to cover. We consider the operationally well-defined
Fourier transform and its inverse on discrete functions with finite support, i.e. the one actually used in computer
algorithms. It is therefore important to understand the exact relationship between Section 4.3 and the following,
so-called Discrete Fourier Transform (DFT), and its inverse. The intermezzo in Sections 4.4.1-4.4.4 was intended
to provide some basic insight.

In the finite-dimensional case there is no need to distinguish between images and filters. Mathematically speaking,
a finite-dimensional vector space (of filters, say) is isomorphic to its own dual (the class of images). For this reason
we will collectively denote the digital image and filter functions by w : {1,..., Ny}x...x{1,..., N} — K. As
before it is instructive to introduce the DFT using a general Fourier convention. The DFT of a discrete function
can be seen as a special instance of the Fourier transform on ./ (R™)—which after all contains both compactly
supported as well as discrete functions—as defined in Section 4.3. We start with the one-dimensional case.

Notation. For the sake of clarity we use capital symbols for discrete, and small symbols for analogue functions.

Definition 4.5.1. The one-dimensional Discrete Fourier Transform is defined as follows:
N
[’j(k) déf ﬁ Z U(f) e—Qﬂia(k—l)(f—l)/N ,
=1
in which (o, 8) € {—1,1} x R* are constant parameters.

Again, DFT is a continuous, linear, invertible mapping.

Proof. The thing to prove is that Definition 4.5.1 is a good definition, in the sense that it is indeed compatible
with our definition of Fourier transformation on the subclass of discrete functions in® .’ (R™). To this end, let us
embed a discrete signal U(¢), £ = 1,..., N, into the class of tempered distributions by defining u(z) for (almost
all) z € R such that u € ./(R) as follows:

€ . e g - 1 L
u(x) def A:EZ U)d(x —xg) with x e TL and thus Az = N

Recall Definition 4.4.2, Page 79, and the subsequent discussion of a similar procedure. In the present situation we
have accounted for both discretization and truncation: The parameter L corresponds to the width of the physical
interval® [x; =0, 211 = L] on which the signal is defined, and IV is the number of discrete sample points. Recall
Definition 4.3.2 on Page 66:

u(w) défb/ e " T yu(x)dx with inverse u(x) = (;Z)nb/Rem“"” (w) dw,

in which (a,b) = (1, 1) expresses our default. Thus for the one-dimensional discrete signal at hand we get

oo N N
Flap) (u)(w) = be/ Z U0) 8(z — z¢) e~ dz = bAIZ U(0) e—iawse

o y=1 =1

3Since ./ (R™) D .#(R™) it is most convenient to take this as a point of departure.
Note that z 1 1 is not a sample point for the discrete signal; there is exactly one sample point per sampling interval.
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This establishes the Fourier transform if the signal is interpreted as a tempered distribution. In other words, it is
defined for all frequencies w € R, as opposed to the DFT. By sampling the frequency domain according to

deflf—1
Wi = T7

fork =1,..., N, we obtain the exact DFT:
b
e—ia(k=1)((=1)/N
Flap) (u NE: ia(k=1)(£=1)/N

Adopting the Fourier convention (a,b) = (2ra, 8/Azx) = (2wa, BN/ L) reproduces the Fourier convention of
Definition 4.5.1. O

Sampling the Fourier domain as we did in the proof might seem ad hoc. But if you recall the discussion on
(infinitely long) discrete signals, this entails no approximation. Indeed, the following theorem gives us the exact
inversion formula corresponding to Definition 4.5.1 based solely on the discretized frequency spectrum.

Theorem 4.5.1. With the DFT convention of Definition 4.5.1 the inverse DFT is given by

N
1 = T — —
~ Z U(k‘) 62 a(k—1)((—1)/N )

Before we turn to the proof, let us try to understand the rationale behind the particular frequency sampling
w — wr = (k — 1)/L needed to relate DFT to its continuous counterpart. In fact we have discussed all
issues involved so as to be able to understand the situation at least from a heuristic point of view. Recall that
truncation leads to frequency blur by an amount Aw =~ 27/(|a|L), Eq. (4.20), Page 76. Thus it makes little
sense to consider frequencies separated by a distance smaller than Aw. On top of that, discretization in steps
of Az leads to a periodic Fourier transform with period €, = 27/(|a|Ax), so that all relevant frequencies are
contained in the interval [—§; /2, /2], Eq. (4.27), Page 80. Thus it seems plausible that it suffices to consider a
sampling of this finite frequency interval in steps of Aw. The number of reasonable sample points consequently
equals Q1 /Aw = L/Axz. With Az = L/N this indeed yields a total number of N, as it should. The proof of
Theorem 4.5.1, as we will see, confirms the correctness of this heuristic argument and shows that there is no loss
of information if we use this frequency sampling strategy.

Let us turn to the rigorous proof, after the following lemma, which you should be able to prove yourself.

Lemma 4.5.1. For & € C, £ # 1, we have

N

o 18
2.¢ —

Proof. Set & = e2mi(t=™)/N "and notice that —N < a({ —m) < N forall ,mm = 1,...,N and a = £1. It
follows that £ # 1if £ # m, & = 1 if and only if £ = m, and ¢€Y = 1 forall /,m = 1,..., N, whence, by

Lemma 4.5.1,
ifk*l [0 ift#m,
N ifl=m.
k=1
Therefore,
1N N
27rwz k—1)( 271'2(1 k—1)(l—m)/N _ -~ k—1 _
e S WL - Y Um > e = U,
k=1m=1 m=1 k=1
The last step uses the previous observation. This proves Theorem 4.5.1. O
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@ 8 examples of references

1 1 our default, Horn® [16]
-1 1

1 1/N Gonzalez and Woods [12]
-1 1/N

1 1/V/N Petrou [23]
—1 1/v/N Mathematica [32]

Table 4.2: Summary of Fourier conventions frequently encounterd in the literature for the one-dimensional DFT,
and some references. Cf. Table 4.1.

“Horn uses an implicit periodicity doubling, which makes it look as if & = 1/2 in his formulas at first glance.

The general DFT convention in Definition 4.5.1 and Theorem 4.5.1 differs somewhat from the one adopted
previously for the continuum counterpart in Definitions 4.3.2-4.3.3, Page 66. We will adhere to the default
(o, B) = (1,1). Gonzalez and Woods [12] use a convention with («, 8) = (1,1/N). Horn [16], on the other
hand, agrees with ours. Maria Petrou has opted for (v, 3) = (1,1/v/N), which leads to a more symmetrical
relation between forward and inverse DFT. Mathematica, of course, has a built-in option for specifying the Fourier
convention, with default (o, 3) = (—1,1/+/N). Cf. Table 4.2 for a summary and some references. Note that
in all cases the product of factors in front of the forward and inverse Fourier sums equals 1/N. This gives us a
consistency check that can be applied to all (one-dimensional) cases.

A final remark concerns the range of indices. Recall from Chapter 1 that we start our discrete labelling with index
value 1, as opposed to many text books, but in agreement with Mathematica [32]. This explains the ‘minus one’
in the exponents of the Fourier transform and its inverse.

Example 4.5.1. Besides Definition 4.5.1 there exists an equally popular DFT definition

N—
[7(]47) def B Z U(g) 6727riakf/N )
£=0

=

With this definition, the inverse DFT is given by
1 Nl

U =35 U (k) e2miokt/N.
k=0

There exists an optimized implementation of DFT, known as the Fast Fourier Transform, or FFT. We refer to the
literature for details [2, 12, 22].

The n-dimensional DFT and its inverse follow from the 1-dimensional case.

Definition 4.5.2. The n-dimensional Discrete Fourier Transform is defined as follows:

N N,
Uky,... ko) B Z Z U(lr, ..., 0) e~ 2mialtbi=D)(E=1)/Ni+ oot (on =1 (tn 1) /Na]
=1 =1

in which (o, ) € {—1,1} x R are constant parameters.

Theorem 4.5.2. With the DFT convention of Definition 4.5.2 the inverse DFT is given by

N, N,
1 ~ )

by, oo ly) = ——— E E ki, ... k) e2mial(ti—1)(G—1) /Nt (kn=1)(ln=1)/Na]
U( 1 ) ) ﬁNank : . lU( 1 ) )6

1= n=
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Proof. The proof proceeds in the same fashion as for Theorem 4.5.1. Note that the product of factors in front
of the DFT and its inverse formula is always 1/(N; ... N,,). The same Fourier conventions apply as for the
one-dimensional case, with the same default in our case. d

Example 4.5.2. The relationship between our Fourier parameters (¢, 3) and Mathematica’s (version 5.2) optional
specification FourierParameters—>{a, b} for the one-dimensional case, with N discrete samples, is given
by

a = —b
{BZ\/W.

In particular, our default corresponds to FourierParameters—>{1,-1}.

4.5.1. DFT Subjected to the Continuum Limit

In the previous section we have derived the DFT from the continuum formulation of Fourier transformation in
Sections 4.3.2 and 4.3.3 by means of discretization and truncation. Obviously we could have opted for the reverse
approach, starting out to define the DFT, and subsequently investigating its continuum limit. Here we sketch the
procedure for the one-dimensional case for the sake of simplicity, recall Definition 4.5.1.

Let us make the following identifications:

Ty def Ty +x. with 2 def E_—l L and =z, def £ and wyg def E ,
N 2
for k, ¢ = 1,...,N+1, and define u(z,) = U({). Thus the spatial and frequency grid constants are given by,
respectively, Az = L/N and Aw = 1/L. With a modest amount of foresight we have shifted the mid-point of
the physical interval, such that the physical boundaries are now symmetric with respect to the origin: 71 = —L/2,
respectively Ty 1 = L/2.

Furthermore, let us switch Fourier conventions as before by setting

(o, B) = (%,bAw) .

Now consider the limit in which N — oo and Az — 0 simultaneously, such that the physical interval width
L = NAzx remains fixed. Using the definition of integrals via Riemann sums explained in Section 3.1, and

defining w(wy) = U (k) €'k we readily find that in this limit Definition 4.5.1 yields

Az—0 N—00

N
ﬁ(k) = lim lim g Z U(0) e~ 2miownee
=1

L =N Az fixed
or
~ _ N o . L/2 .
U(k) =be " lim  lim w(Tp) €714 Ap = he tAWRTe u(x) e "R dy
Az—0 N— o0 _L/2
—_———— =1 /
L =N Az fixed
In other words,
L/2 _
U(wy) =0 u(zx) e T dy
—L/2

Note that the parameter (3 is proportional to Az and therefore belongs inside the limit-operator. We recognize
the familiar continuous Fourier transform of Definition 4.3.2 on Page 66, evaluated at the sample points wy. Also
note that in this limit the index k& now runs over all natural numbers.
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Although we have established the connection at the discrete frequencies wy, with fixed grid spacing Aw = 1/L
only, the result can be generalized to arbitrary frequencies via sinc-interpolation according to a modification of
the sampling theorem, recall Result 4.4.3 on Page 82. To this end, modify Result 4.4.3 on Page 82 by making the
following formal changes, cf. Observation 4.3.1, Page 66:

Result 4.4.3 modification
170 — ug
u — U
Q —> L
up = y(;’lb) (U()) “— ac = y(;,l’b,)(’LL())
T — w
(a,b) — (a',b)

For a compactly supported spatial signal ug it suffices to know its discrete frequency spectrum e (wy) =
b Lﬁz ug(x) e~ dx. Via the sinc-interpolation formula we may obtain the full continuum spectrum.

4.6. Interpretation of the Fourier Transform

In order to understand the significance of Fourier transformation let us consider, as an example, the two-dimensional
case. According to Theorem 4.5.2 we can interpret the inverse Fourier transformation formula as an expansion of
a spatial image in terms of a linear combination of complex exponential basis functions. For n = 2 we may write

N1 N
1 -
u(ly, la) = m 1;::1 kzz:l Ul(ki, k2) ek, k, (€1, L2)

in which the (k1, ko )-labelled spatial basis function is given by
€ty oy (01, 02) def e2mial(k1=1)(1—1)/N1+(k2—1)(£2—1)/Na]

Apparently the set {eg, k, | k1 =1,..., N1, ka =1,..., Nao} of discrete images forms a complete basis that
spans the space of all possible discrete N7 x N, images. Recall that this is just what Theorem 2.2.3 on Page 26
expressed. Figures 4.2-4.3 show all basis functions for the case N1 = Ny = 8. Notice that the cases (k1, k2) €
{(1,1),(1,5),(5,1),(5,5)} yield a sine part with an argument that is a multiple of 7. Only for the first one the
cosine part yields the constant 1.
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Figure 4.2: All 8 x 8 images can be decomposed into a unique linear combination of the 64 8 x 8 basis images
€ky ks> k1,k2 = 1,...,8. This figure displays the real part, Re(eg, k,). The lower left corner corresponds to
(k1,k2) = (1,1), k; increases from left to right, ko from bottom to top. White means positive, black means
negative, mid-grey means zero.
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Figure 4.3: All 8 x 8 images can be decomposed into a unique linear combination of the 64 8 x 8 basis images
€ky ks> K1, k2 = 1,..., 8. This figure displays the imaginary part, Im(ex, , ). The lower left corner corresponds
to (k1,k2) = (1,1), k; increases from left to right, ko from bottom to top. White means positive, black means
negative, mid-grey means zero.
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4.7. Applications of the Continuous Fourier Transform

The continuous Fourier transform is a helpful conceptual tool, especially in the context of linear differential
operators and partial differential equations, and in the context of convolutions. Fourier transformation should be
the first thing that comes to your mind in these situations.

As an example of the use of Fourier techniques in the context of linear partial differential equations, recall

Nel

0



4. FOURIER TRANSFORMATION 4.7. APPLICATIONS OF THE CONTINUOUS FOURIER TRANSFORM

Theorem 3.4.1 on Page 55, where it was conjectured that the family of normalized Gaussian filters,

1 ffIIT .
T) = - exp |— with ¢t > 0, (4.33)
satisfies the isotropic heat equation
Ju
— —Au=0. 4.34
5 u (4.34)

Given this conjecture the proof boils down to a verification by substitution. But would we have found this solution
of the heat equation if we had no clue to begin with? In other words, how would one proceed if one were to solve
the heat equation from scratch?

Example 4.7.1. Problem: Solve Eq. (4.34). Solution: Since the equation is linear, we should immediately think
of Fourier transformation. Here is how it works.

Substitute )
wlx,t) = —— [ e“ 0w, t)dw, 4.35
(@0) = g [ e w) 35)
recall Conjecture 4.3.1 on Page 66, assuming that the solution exists in a ‘suitably defined” function space. Note
that we treat ¢ as a constant. After interchanging the order of differentiation and integration, the result becomes

1 w-T M 9 ~ B
(2m)" /ne [ o Tl u(w,t)} dw=0.

In the integrand, between the square brackets, we recognize the Fourier transform of the left hand side of
Eq. (4.34). Since the Fourier transform of the null function is again the null function, we conclude that

Ou(w,t)
ot
Note that we could have found this immediately by applying Result 4.3.1, Page 69, to the left hand side of

Eq. (4.34), using the fact that Fourier transformation is linear, and by noticing that the Fourier transform of the
null function on the right hand side is again the null function—a direct consequence of linearity.

+ [Jw|* W(w,t) = 0. (4.36)

Equation (4.36)—which is in fact an ordinary differential equation—is easily solved:
Aw.t) = C exp (~t[w]?) .
for some constant C' € K, which depends on the initial condition. Suppose
u(z,0) =d(x). (4.37)

It is well-known from linear systems theory that the response of a linear system upon exposure to a ‘d-spike’
produces the system’s transfer function at the output side. Thus this is indeed the way to probe the heat equation
to reveal its ‘fundamental solution’. Again we recast this initial condition into Fourier language (now we need
Conjecture 4.3.2 on Page 69, since we are dealing with a tempered distribution) by substituting Eq. (4.35), with
t = 0, using the Fourier representation of the Dirac point distribution, Lemma 4.3.3, Page 70 (or Eq. (4.10),
Page 70). After bringing everything to the left hand side we obtain

(271r)” /Rfm [G(w,0) — 1] dw = 0.

By the same token as before this implies that u(w,0) — 1 is the null function, from which it follows that C' = 1.
Thus the solution to the full initial value problem, Egs. (4.34—4.37), is given by

U(w,t) =exp (—t|w|?) , (4.38)

in the Fourier domain. The final step is to invert the Fourier representation of this solution to the spatial domain
(no free lunch here: Fourier inversion tends to be the hardest part).
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Knowing u(w, t) we apply Eq. (4.35) to obtain the spatial representation we are looking for:

1 : >
u(x, t) = (%)n/ e e tlel” gy, (4.39)

Indeed, here we run into some technical difficulties, since even though we started out from a real-valued linear
system, we have to deal with a complex integral. It is at moments like this, when the real trouble begins, that
details are usually left as an exercise. We shall adhere to this widespread character building malevolence, but not
without some helpful hints on how to proceed.

You will not find it hard to solve the integral if you are familiar with the basics of complex analysis (in particular
if you know what poles are, and the role they play in complex integrals). If, on the other hand, you are inclined
to confuse poles with certain geographic regions with a harsh climate, then the following lemma should help you
out in this specific case.

Lemma 4.7.1. For all x € R we have

/ e~ @ria) g, — x .

The lemma states, deus-ex-machina, that the imaginary part in the argument of the exponential function has no
effect whatsoever. It can be generalized to multiple dimensions, with z = (z1,...,z,) andw = (w1,...,wy):

_ izll? n
/ e et gy = /7™
n

As a final hint, note that we may rewrite

2
=)

4t

—1

1
iw~xt||w||2H\/7?w2

T
Vit
The details are left as an exercise to the reader.

Example 4.7.2. As a second demonstration of the power of Fourier analysis, consider the autoconvolution prop-
erty of Theorem 3.4.1, Page 55. Recall also the equivalent formulation in an exercise on Page 55 in terms of the
t-parametrization, which we shall exploit here:

U % Yy = VYrgu,
with v, defined as in Eq. (4.33). Since zzt(a:) = u(z, 1), given by Eq. (4.38), it is immediately obvious that
Ve thu = Priu

This looks similar to the previous formula, except that ordinary multiplication takes over the role of convolution.
But according to Theorem 4.3.2, Page 72, this implies the autoconvolution property in the spatial domain.

‘We conclude this section with a few exercises.

Exercise. Solve, via the Fourier detour of Eq. (4.13), the following initial value problem:
ou
— —A = 0,
{ ot~ "
u(x,O) = f(x) )

in which f € ./(R™) is a raw image. Do you recognize the result? Recall Definition 3.4.2, Page 56, and a
similar exercise on Page 57.
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Exercise. A scale space representation u(z,t) = u:(x) of a raw image f(z) may be written symbolically as
u = e f.
Try to explain this notation. Hint: (i) Eq. (3.10), Page 57, or (ii) Lemma 4.3.1, Page 68 or Result 4.3.1, Page 69.

Exercise. Recall Theorem 3.4.1, Page 55. Let u, be the scale space representation of a raw image f at some fixed
scale ¢ > 0, in other words u; = f * 1. Show that u; * ¥ = usy, for any s > 0. Explain in words what this
means.

Exercise. The previous two exercises suggest a method for deblurring, or enhancement of spatial resolution, viz.
by considering f(z) = e *® u(x,t), or f = uy * ¢»_;. Do you expect this procedure of deblurring to work in
practice? Hint: Verify whether the above schemes are well-posed by assuming that u(xz,t) = u.(x) is known up
to some (arbitrarily) small, but finite additive noise function Ju(x) = 0.

Exercise. Sketch in one figure the graphs of the one-dimensional Gaussian scale space filters

li) = = e Ht]

for t = 1/2,1,2, using different colours to identify each parameter setting. Do the same with their Fourier
equivalents,

i 2
Ui (w) = exp [—tw } ,
using the same colour labelling. Several observations can be made. Describe these.
Exercise. Cf. the previous exercise. What happens to the respective representations in the asymptotic limit

t — 0?7 Are the limiting spatial and Fourier functions still filters in the sense of .7 (R)-functions? Are they still
related by Fourier transformation?

Exercise. Solve, along similar lines via the Fourier detour, the following initial value problem. To this end, use
the intuitive explanation of the linear differential operator /—A discussed in the example on Page 69:

ou
{(,%Jr\/Ju = 0,
u(z,0) = ().

Hint: The actual Fourier inversion has been carried out in an example on Page 70.

4.8. Applications of the Discrete Fourier Transform

The DFT comes into play whenever we want to actually implement a Fourier based method, recall the filtering
diagram of Eq. (4.13), Page 72, or Theorem 4.3.2, Page 72. In this section we present a few examples.

The first example demonstrates the principle of image restoration via frequency filtering.

Example 4.8.1. The left image in Figure 4.4 shows an MR slice, f say, corrupted by a spurious artifact with a
more or less periodic structure. Periodicity suggests that we take a closer look at its frequency representation.
The second image shows its DFT magnitude, i.e. |f| = [ReQ(f) + Im?(f)]/2. Greyvalues have been modified
by a monotonic mapping (a so-called ‘histogram equalization’) for the sake of display. In addition, the origin has
been shifted to the middle of the figure. Figure 4.5 shows the lower left part of the DFT magnitude image.

An important observation—typical for natural images—is that most frequency information is confined to a central
portion of the DFT domain. Apparently low frequencies are most dominant. This expresses the fact that natural
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images capture spatially coherent, not random objects. Since such objects have a certain extent within which
they are more or less ‘smooth’, they exhibit only weak variability at small scales. Since spatial scale somehow
corresponds to inverse frequency, this implies that high frequency components must have low amplitudes.

Based on this heuristic some exceptionally strong peaks located on the diagonals (barely visible as a result of their
narrow widths), as well as some vertical line artifacts at w; ~ 0, should be marked as ‘suspicious’. In order to
remove these, the third image shows a binary frequency mask, B say, with which the image’s DFT is multiplied.
Black and white correspond to pixel values 0 and 1, respectively. The fourth image shows the magnitude of the
result, |f§ |, again after histogram equalization. The suspicious structures are now suppressed. If we apply the
inverse DFT to fﬁ, we obtain the image on the right, in which the spurious pattern has indeed disappeared.

Figure 4.4: Removal of frequency artifacts in Fourier space. The spurious frequency spikes are barely visible.
Figure 4.5 shows the lower left part of the DFT magnitude image to reveal the locus of one of the artifacts.

Figure 4.5: Magnification of the lower left quadrant of Figure 4.4 without histogram equalization. The centre
of the circle contains a spurious frequency spike that, among other artifacts, needs to be removed. The spike
subtends only a single pixel (which makes it particularly suspicious), but is evidently quite strong.

The previous example shows the strength of Fourier decomposition, for it would be nearly impossible to devise a
filter capable of restoring the image directly in the spatial domain! To get an impression of the complexity of the
corresponding spatial restoration filter, see Fig 4.6.

Figure 4.6: Spatial convolution mask corresponding to the frequency restoration filter shown in the middle of
Figure 4.4. For clarity only the signs of the filter values are given: Black means negative, white means positive.
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The following examples illustrate the use of Eq. (4.13) or Theorem 4.3.2.

Example 4.8.2. The commutative diagram for convolution filtering via the Fourier domain is not only of com-
putational relevance (speed considerations), but is also of interest in those cases where we design our filters in
the frequency domain. A simple example is that of an ideal lowpass filter. This multiplicative filter depends on
a threshold frequency w. below which it leaves all information unaltered. All higher frequency components are
suppressed entirely, whence the attribute ‘ideal’. The general form of an ideal lowpass filter is

dﬁf { 1 lf ||LU|| S ||WCH’ (440)

Drp (wWiwe) = 0 otherwise,

in which ||w|| denotes a suitable norm in frequency space, recall Section 2.2.3. A natural choice is a rotationally

invariant filter (recall that for w € R”, |jwl|]2 = /w? + ... + w2):

Lif w2 < flwell2s
0 otherwise.

b (w; we) o {

Another popular instance is that of a separable filter (recall that for w € R”, ||w||oo = max{|w1], ..., |wa|}):
~ae [ 1 wllee < [welloes
P1p. (w; wc) - { 0 otherwise.

Figure 4.7 illustrates the case of a separable lowpass filter in two dimensions. Since high frequencies mainly
encode fine scale details one expects lowpass filtering to yield a blurred image. Recall that this sort of DFT
filtering corresponds, at least in the continuum case, to spatial convolution with a sinc-filter.

Figure 4.7: Left: Test image. Middle: Ideal lowpass filter defined in the DFT domain. The origin has been shifted
to the middle for the sake of display. Right: Lowpass filtered image, obtained by multiplying the DFT of the test
image with the ideal lowpass filter (with origins in the DFT domain coinciding), and subsequent DFT inversion.

Ideal lowpass filtering is a somewhat awkward thing to do if the intention is merely to obtain a blurred image.
The problem is that there is no gradual attenuation of higher frequencies, but an abrupt cutoff. We know from
Section 4.4.3 that such an abrupt cutoff manifests itself in the spatial domain as a blurring with a convolution
filter in the form of a sinc-function. Since this is not a nonnegative definite filter, a nonnegative input image may
yield an output image that is not everywhere nonnegative’. Thus we cannot interpret ideal lowpass filtering as a
local, spatially weighted averaging in the spatial domain, because an averaging operator must respect the lower
and upper bounds of its operand, in particular it must preserve positivity.

It would be more natural to suppress higher frequencies in a more graceful fashion. An example of this is
Gaussian lowpass filtering, which brings us back to scale space theory, recall Section 3.4.2.

7From the physics of image acquisition many image modalities are known to produce nonnegative pixel values, simply because they
are based on some form of counting, possibly accompanied by some positivity preserving nonlinearity. Examples are proton density MRI
(number of protons per volume element), X-ray attenuation (relative number of transmitted photons), et cetera. Thus one should not blindly
rely on the (band-limitedness assumption underlying the) sampling theorem, i.e. Result 4.4.3, Page 82.
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Example 4.8.3. Recall Section 3.4.2, in particular the example of Figure 3.13 on Page 57. According to Sec-
tion 4.7, Egs. (4.33-4.38), the Fourier transform of a Gaussian is again a Gaussian. Exploiting Diagram (4.13),
Page 72, or Theorem 4.3.2, Page 72, we may approximate a Gaussian blurred image by taking the DFT inverse of
the product of the DFT of the image and a suitably scaled, unit-amplitude Gaussian. Figure 4.8 shows the proce-
dure, which is completely analogous to that of Figure 4.7. Note that because we know the analytical expression
of the Gaussian scale space filter in the Fourier domain, we do not need to apply any DFT to obtain the Fourier
filter itself.

Figure 4.8: Left: Test image. Middle: Gaussian lowpass filter defined in the DFT domain. The origin has been
shifted to the middle for the sake of display. Right: Gaussian filtered image, obtained by multiplying the DFT
of the test image with the Gaussian lowpass filter (with origins in the DFT domain coinciding), and subsequent
DFT inversion. This is one way of obtaining the result shown in Figure 3.13, Page 57.

As opposed to ideal lowpass filtering, Gaussian scale space filtering can be interpreted as a local, spatially
weighted averaging in the spatial domain. Thus for lowering resolution the latter is the preferred method.

Instead of lowpass filtering one may want to extract the high frequency information from an image. To this end
we define a highpass filter, ¢p ., as the complementary operator of a lowpass filter:

Bip (W) + brp (w) =1 forallw € R, (4.41)

Example 4.8.4. Figure 4.9 illustrates what happens if we subject an image to highpass filtering. The correspond-
ing lowpass filters are the ones discussed in the previous examples.

Figure 4.9: Top left: Test image. Top middle: Ideal highpass filter in the DFT domain. The origin has been
shifted to the middle for the sake of display. Top right: Highpass filtered image, obtained by multiplying the DFT
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of the test image with the ideal highpass filter (with origins in the DFT domain coinciding), and subsequent DFT
inversion. Bottom row: Same procedure as shown on top, but for a Gaussian instead of an ideal highpass filter.

By the same token as before one may argue that ideal highpass filtering is not the ideal way of extracting small
scale information, despite the fact that high frequency does pertain to small scale spatial variations. The vox
populi of identifying ‘high (low) frequency’ with ‘fine (coarse) scale’ may be misleading. A single frequency
component does not encode a spatially confined structure at a scale inversely proportional to the frequency of
interest, but captures the global spatial variations at that scale. Thus if one is interested in local structure one
should use the scale space paradigm explained in Section 3.4.2 instead of ideal lowpass/highpass filtering.

Example 4.8.5. Figure 4.10 shows the Fourier method for taking a Gaussian scale space derivative, recall Defini-
tion 3.4.3, Page 57, in casu the first order derivative in horizontal direction. Scale is the same as in Figure 4.8. The
DFT profile looks similar to the corresponding spatial profile in Figure 3.14, Page 58. To see how it is obtained,
recall Theorem 3.4.1, Page 55, and Definitions 3.4.2 and 3.4.3, Pages 56 and 57. For the zeroth order filter we

have ) )
1 122 +y
bo(z,y) = 32 P [—5 = ] ;
so that
8(;50( ) z 1 122 +42
T,Y)=——% —— exp | —= .
ox Y 02 2m o2 P o2

We already established that
1
F (¢5) (Wg,wy) = exp [—502 (wi —Hqg)] )

whence, using Result 4.3.1 on Page 69, or the example on Page 68,

0o .

Thus

0o ‘ 1
F < o > (Wg,wy) = twy exp {—502 (w? —}-wi)}
is the filter profile shown in the middle of Figure 4.10 prior to discrete sampling. One can use Result 4.3.1
to obtain the Fourier representation of the entire Gaussian family in a similar fashion, cf. Figure 3.14. Thus
if f denotes the original image, and wu its scale space representation, then the rightmost image in Figure 4.10
corresponds to

O .0) = 71 (i) o i exp [ 20 (62 4.48)]| P o)) ()

By the same token one can extract all partial image derivatives at any sensible scale of interest. Again, we need
not run a DFT to obtain our Fourier filter, as we may simply sample its analytically known Fourier expression.

Figure 4.10: Left: Test image. Middle: Sampled analytical Fourier transform of the horizontal first order partial
derivative of the Gaussian scale space filter. The origin has been shifted to the middle for the sake of display.
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Right: Filtered image, i.e. the first order horizontal partial derivative at the scale of the underlying Gaussian. This
is one way of implementing scale space differentiation.

Figure 4.10 has in common with Figure 4.9 that it reveals grey-level transitions rather than absolute grey-values.
It should be clear from the previous discussion on scale versus frequency that, unlike Figure 4.9, Figure 4.10
captures local transitions, or ‘edges’.
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